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Introduction

1 INTRODUCTION

1.1  Pancreatic cancer

1.1.1  Epidemiology

Despite years of laboratory and clinical research, pancreatic cancer remains a severe disease with a
poor prognosis. In 2016, 18.400 people in Germany were diagnosed with pancreatic cancer and
almost the same amount of patients died from this diagnosis, making it the fourth leading cause of
cancer related deaths in Germany (RKI, 2016). The incidence has been rising continuously over the
last years, and recent investigations assume that pancreatic cancer will rank as the second most
common cause of cancer related deaths in Germany by 2030 (Quante et al., 2016). Demographic
aging of the population and increasing occurrence of risk factors such as obesity and diabetes are

known to enhance this development (Ma et al., 2013).

1.1.2  Histology

Malignant neoplasms of the exocrine pancreas can be divided into neoplasms originated from
ductal cells and from acinar cells. With an amount of more than 90% the pancreatic ductal
adenocarcinoma (PDAC) originated from ductal cells is the most frequent subtype of pancreatic
cancer (Cascinu et al., 2010). Additionally, PDAC can be divided into seven histologic

subcategories according to its microscopic appearance (Bosman et al., 2010).

1.1.3  Pathogenesis and mutational landscape

The most frequently found oncogenic driver mutations in pancreatic cancer are activating
mutations in the Kirsten Rat Sarcoma (KRAS) gene, which occur in more than 90% of pancreatic
cancers (Bailey et al., 2016; Forbes et al., 2011). KRAS is a protooncogene and regulates cell

proliferation, differentiation, apoptosis and cell migration through interaction with signaling
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molecules. Thus, a KRAS activating mutation can induce malignant differentiation in cells and
stimulate tumor growth (di Magliano & Logsdon, 2013). A mutation of KRAS is detectable in more
than 90% of premalignant lesions in PDAC, and the frequency of mutant KRAS cells increases with
the degree of dysplasia, suggesting that this mutation is a critical initiating event in the
carcinogenesis of pancreatic cancer (Kanda et al., 2012). Studies on mouse models have reported
that growth and maintenance of pancreatic cancer as well as its metastatic lesions depend on the
continuity of the oncogenic KRAS signaling (Collins et al., 2012a; Collins et al., 2012b). Missense
substitutions account for the majority of KRAS mutations in pancreatic cancer. In specific, the most
frequent mutational event observed in the KRAS gene is a point mutation on codon 12 of exon two,
which leads to a replacement of the GGT sequence (Bournet et al., 2016). According to the
Catalogue of Somatic Mutations in Cancer (COSMIC), approximately half of mutant KRAS genes
contain a GAT sequence instead of the GGT sequence, forming the G12D mutation. Less frequent
mutations are, named in decreasing incidence, the G12V, G12R, G12C, G12S and G12A mutations
(Forbes et al., 2011). Occasionally, point mutations also occur on codon 13 and 61, resulting in the
G13D, Q61L or Q61H mutation (Forbes et al., 2011). These mutational loci are common targets in
KRAS screening kits, as their combined detection theoretically allows to identify more than 90% of
KRAS mutations. In spite of recent successes in targeting KRAS G12C mutations, which are rare in
PDAC, no drug has been clinically developed yet that effectively targets KRAS mutations (Janes et
al., 2018).

Further high-frequent driver mutations in pancreatic cancer interact with the G1/2 checkpoint in the
cell cycle. Among these are inactivating events in the tumor suppressor genes tumor protein 53
(TP53) and cyclin dependent kinase inhibitor 2A (CDKN2A), which occur between 50% and up to
80% of patients, respectively (Bailey et al., 2016; Waddell et al., 2015).

The transforming growth factor beta pathway (TGF-beta) is a molecular pathway involved in
epithelial-mesenchymal transition and stromal biology, both hallmarks of PDAC, that is frequently
affected by mutational events. Most of them occur in the tumor suppressor gene decapentaplegic

homolog 4 (SMAD4), which is mutated in about half of PDAC patients (Bailey et al., 2016).
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1.1.4  Characteristics of pancreatic cancer

Multiple reasons for the devastating prognosis of this cancer entity have been described. One of
them is the interindividual as well as intraindividual mutational heterogeneity beyond the
alterations in the four aforementioned genes. Studies have described an average of 63 mutated
genes in each cancer, complicating the development of effective targeted therapies (Jones et al.,
2008).

Further, 80% of patients are diagnosed in the late clinical stage of locally advanced or metastatic
disease, when curative treatment is not feasible. The late diagnosis is largely attributable to the lack
of specific symptoms in early stages and efficient screening methods (Vincent et al., 2011).
Moreover, pancreatic cancer typically induces a dense collagenous stroma within the tumor
microenvironment, which is referred to as desmoplastic reaction. Due to the fibrotic characteristics
of this stroma, therapeutic drugs may have difficulty accessing cancer cells, resulting in an
impaired response (Provenzano et al., 2012). Among other cells, pancreatic stellate cells show
increased proliferation in cancer derived desmoplastic stroma and contribute to an
immunosuppressive microenvironment, contributing to cancer development and immune evasion
(Apte et al., 2004; Ene-Obong et al., 2013). Further investigations showed that pancreatic stellate
cells can alter the cancer metabolism by secreting non-essential amino acids, which reduces the
cancer’s dependency on glucose- and glutamine-derived carbon to fuel the tricarboxylic acid cycle
(Sousa et al., 2016). The combination of these and likely additional other factors distinguishes
pancreatic cancer from other less aggressive malignancies and contributes to the unchanged

impaired prognosis over the years.

1.1.5 Clinical appearance

The symptoms associated with this malignancy depend, amongst other factors, on the location of
the tumor. The majority of pancreatic tumors are located in the head, while only 20% are found in
the body or tail of the organ (Ducreux et al., 2015). Clinical presentation mostly starts in the state

of infiltration of surrounding tissue or metastatic spread to distant organs. Usually, first symptoms
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of patients are unspecific and include abdominal pain, mid back pain, weight loss and impaired
glucose tolerance. These symptoms often occur months before the diagnoses and are then attributed
to the disease, retrospectively. More specific symptoms are obstructive jaundice, venous
thrombosis and gastric-outlet obstruction causing nausea and vomiting or even pancreatitis

(Cascinu et al., 2010; Vincent et al., 2011; Zhang et al., 2018).

1.1.6  Diagnostics

Imaging modalities in the diagnostic workup of PDAC mainly rely on computed tomography (CT),
magnetic resonance imaging (MRI) and endoscopic ultrasound (EUS) along with tissue
examination (Cascinu et al., 2010). The CT is the most frequently used imaging modality, best
performed as multi-detector CT (Al-Hawary et al., 2014). The multi-detector CT reaches a
sensitivity and specificity of 89% and 90% for the detection of pancreatic cancer. The MRI reaches
a similar sensitivity and specificity but is less frequently used due to its high costs and few
availability (Treadwell et al., 2016; Zhang et al., 2018). EUS has higher sensitivity and specificity
rates than the above mentioned techniques, especially when combined with fine needle aspiration
and cytological diagnostics (Agarwal et al., 2004). Due to its invasive character, EUS is mostly
performed after noninvasive imaging modalities have been carried out (Zhang et al., 2018).

Biomarker analysis complements imaging modalities in the diagnosis and treatment of
symptomatic patients. The best described blood-based biomarker for pancreatic cancer is
carbohydrate antigen 19-9 (CA 19-9). Studies reported that an increased CA 19-9 level prior to
surgery or chemotherapy can predict early relapse and correlates with poor survival (Bernard et al.,
2019; Toledano-Fonseca et al., 2020). Screening asymptomatic patients for early-stage pancreatic
cancer however exceeds the ability of this biomarker (Kim et al., 2004). This can be explained by
the fact that CA 19-9 is also increased in other malignancies and in benign conditions such as
biliary infection, inflammation or obstruction (Marrelli et al., 2009; Poruk et al., 2013; Zhang et al.,
2018). Furthermore, 6% of Caucasian people and 22% of the African American population are
Lewis antigen negative, so they do not produce CA 19-9 (Tempero et al., 1987). Even though the

prognostic value of CA 19-9 has been proven in many studies, these characteristics limit the
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reliability of this biomarker and explain why more potent alternatives in the management of

pancreatic cancer are needed (Zhang et al., 2018).

1.1.7  Classification and staging

Pancreatic cancer stages are classified regarding to the 8" edition of TNM criteria (Cong et al.,
2018). Tumor size is indicated by the T stage. N and M stage refer to the presence of tumor
metastasis in lymphatic nodes or other distant sites. Prognostic staging is performed according to
the American joint Committee on Cancer/ Union for international Cancer Control (AJCC/UICC),

which is based on the TNM classification (Al-Hawary et al., 2014).
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Table 1. 8th edition of TNM criteria and AJCC/UICC staging of pancreatic cancer

(Cong et al., 2018).
Primary Tumor (T)
pTX Primary tumor cannot be assessed
pTis Carcinoma in situ
pT1 Tumor < 2 cm in greatest dimension
pTla Tumor < 0.5 cm in greatest dimension
pT1b Tumor > 0.5 and < 1 c¢m in greatest dimension
pTlc Tumor 1 — 2 cm in greatest dimension
pT2 Tumor > 2 cm and < 4 cm in greatest dimension
pT3 Tumor > 4 c¢m in greatest dimension
Tumor involves celiac axis, superior mesenteric artery or common hepatic artery,
pT4 regardless of size
Lymphatic node (N)

pPNX Regional lymph nodes cannot be assessed

PNO | No regional lymph node involvement

PNI | Metastasis in one to three regional lymph nodes

PN2 | Metastasis in four or more regional lymph nodes

Distant metastasis (M)

pMO | No distant metastasis

pM1 | Distant Metastasis

Staging Groups
Stage 1A T1 NO MO
Stage 1B T2 NO MO
Stage 2A T3 NO MO
Stage 2B T1-3 W MO
T1-3 N2 MO
Stage 3
T4 Any N MO
Stage 4 Any T Any N Ml

12
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1.2 Treatment of pancreatic cancer

Treatment options in pancreatic cancer depend on the initial assessment as curative or palliative
disease. Pancreatic cancer can only be cured by complete surgical resection of the tumor, which is
possible in UICC stage I and II as well as stage III patients categorized as borderline resectable. For
inoperable patients with stage III locally advanced disease and in patients with stage IV metastatic

disease, palliative treatment is an option (Wolfgang et al., 2013).

1.2.1  Curative setting

Neoadjuvant chemotherapy, surgical resection and adjuvant chemotherapy are the most important
treatment options in the curative setting. Neoadjuvant chemotherapy is still controversially
discussed given the lack of randomized controlled trials. In borderline resectable patients,
neoadjuvant chemotherapy was able to increase the total resection rate and the rate of resections
without residual tumor (RO) and states a notable option for these patients. The choice of the most
effective chemotherapeutic regimen in the neoadjuvant setting is subject of recent studies
(Kunzmann et al., 2021).

For operable patients, primary resection and adjuvant chemotherapy remain the standard of care
(Wolfgang et al., 2013; Zhan et al., 2017).

A pancreaticoduodenectomy is performed when the tumor is located in the head of the pancreas, or
a distal pancreatectomy with en-bloc splenectomy when it is located in the body or tail (Lambert et
al., 2019). These operations inherit a high risk of morbidity ranging from 20-75% of patients and a
mortality of around 1-10% (Birkmeyer et al., 2002; Cameron et al., 2006; Wolfgang et al., 2013).
Following surgical resection, an adjuvant chemotherapy is recommended. The modified
FOLFIRINOX regimen, consisting of oxaliplatin, irinotecan, leucovorin and fluorouracil, is the
preferred adjuvant treatment for patients with a good performance status. Gemcitabine as
monotherapy or in combination with capecitabine is an option for frail patients or those with

contraindications for FOLFIRINOX (Conroy et al., 2018; Lambert et al., 2019).
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1.2.2  Palliative setting

The best approach in the palliative setting depends on the patient’s performance status. Patients
with good performance status are eligible for systemic therapy, whereas patients with poor
performance status are recommended to receive best supportive care (Wolfgang et al., 2013). The
PRODIGE4/ACCORD 11 study was the first randomized phase 2/3 study to demonstrate the
superiority of FOLFIRINOX as combination therapy towards gemcitabine monotherapy in the
palliative setting. With an overall survival of 11.1 months, compared with 6.8 months and a
progression-free survival of 6.4 months, compared with 3.3 months, a benefit of the FOLFIRINOX
regimen was evident (Conroy et al., 2011). Another therapy that showed superiority in metastatic
patients over gemcitabine monotherapy is gemcitabine combined with nab-paclitaxel. An overall
survival of 8.5 months was achieved with this combination therapy compared with 6.7 months with
gemcitabine alone (Von Hoff et al., 2013). Current state of research declares both combination
therapies as suitable for the treatment of metastatic disease, few trials however allowed a direct
comparison of the two treatment regimens in 1* line treatment. Retrospective meta-analysis on this
topic suggests that the difference in terms of survival and progression are marginally and the
decision in favor of one treatment should depend on the individual age, performance status, toxicity
and previous therapies (S. Kim et al., 2018; Pusceddu et al., 2019).

Furthermore, the NAPOLI-1 trial reported a benefit for the combination of nanoliposomal
irinotecan, 5-fluoruracil (5-FU) and folinic acid in the 2™ line treatment, when gemcitabine-based
regimens were given in 1% line treatment. Patients receiving the combination therapy with
nanoliposomal irinotecan had a longer overall survival with a median of 6,1 months, compared
with a median overall survival of 4.2 months in patients receiving 5-FU and folinic acid alone.
Progression-free survival and objective response rate were also increased in patients receiving the
nanoliposomal irinotecan combined therapy (Wang-Gillam et al., 2016). According to this study,
the guidelines recommend the combination of 5-FU, folinic acid and nanoliposomal irinotecan for
patients with good performance status after failure of a 1* line gemcitabine-based treatment (Oettle

& Lehmann, 2016). Fit patients who received FOLFIRINOX as 1* line treatment may receive

14
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gemcitabine with our without nab-paclitaxel combination as 2™ line treatment (Lambert et al.,

2019).

1.2.3  Value of mutational detection for precision medicine in pancreatic cancer

At this point of clinical standard, detection of the common driver mutations does not represent a
decisive element in the selection of systemic treatment (Aguirre et al., 2018). However, the
detection of less frequent mutations may result in specific treatment recommendations.
Approximately 25% of pancreatic tumors contain actionable alterations, of which mutations
affecting the deoxyribonucleic acid damage repair (DDR) pathway, such as mutations of BRCA1
and BRCA2, make up the largest part (Pishvaian et al., 2020). Mutations of the DDR pathway
specifically disturb the repair of deoxyribonucleic acid (DNA) double-strand breaks by
homologous recombination. That explains why tumors with BRCA mutations showed an increased
sensitivity to DNA crosslinking agents such as platinum and inhibitors of poly-adenosine-
diphosphate-ribose polymerase (PARP), an enzyme important for base excision repair (Moffat &
O'Reilly, 2020). The POLO trial reported increased progression-free survival rate among patients
with a BRCAI or BRCA2 mutation who were treated with the PARP inhibitor olaparib after
platinum-based chemotherapy in 1* line (Golan et al., 2019).

Furthermore, in 1% of all PDAC patients and in 10% of KRAS wild-type carcinomas, mutations of
the protooncogene B-Raf (BRAF) can be detected, which affect the mitogen-activated protein
kinase (MAPK) signaling pathway (Aguirre et al., 2018). Previous studies reported a sensitivity of
BRAF mutated pancreatic cancer cell lines to MAPK inhibitors but first application of the MAPK
inhibitor trametinib on two pancreatic cancer patients showed controversial results (Aguirre et al.,
2018).

Microsatellite instability (MSI) is another potential target for personalized treatment in pancreatic
cancer. MSI is caused by deficient mismatch repair genes. Tumors with MSI express an increased
amount of mutation-associated neoantigens (MANA) that can be detected by the immune system.
In accordance with that, a study of Le et al. treated 12 different tumor entities with MSI, among

others pancreatic cancer, with the anti-programmed cell death protein 1 (PD-1) antibody
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pembrolizumab and reported radiographic response in 53% and complete response in 21% of
patients (Le et al., 2017). This study has led to a Food and Drug Administration (FDA) approval of
pembrolizumab for mismatch repair deficient solid tumors progressing after 1% line therapy
(Marcus et al., 2019). Notably, MSI occurs at extremely low frequencies of 0.2-0.8% in pancreatic
cancer patients, and first clinical studies on pembrolizumab treatment after failure of 1% line
therapy showed lower response rates compared to other cancer entities with MSI (Hu et al., 2018;
Marabelle et al., 2020).

Though targeted therapies are still an exception in pancreatic cancer management, recent success in
identifying targetable mutations represents a significant step towards the implementation of
precision medicine in this field.

Thus, the effort increases to simplify access to tumor genomics, aiming to improve the applicability

of sequential genotyping to support the development of targeted therapies.

1.3 Liquid Biopsy

The term Liquid Biopsy describes the analysis of tumor derived material in body fluids. It allows to
gain information on genomic alterations of a tumor and on the prognosis and treatment response of
an individual patient by analyzing circulating tumor DNA. These data can be collected by a simple
blood sample rather than an invasive biopsy, which means they can be collected more frequently,
longitudinally and with less risk for the patient (Crowley et al., 2013). Besides cell-free DNA
(cfDNA), other components in the blood were identified carrying information about the underlying
tumor, most importantly to be mentioned are circulating tumor cells (CTC), circulating tumor
extracellular vesicles and tumor educated platelets (Buscail et al., 2019). Blood is not the only
source of tumor derived material suitable for liquid biopsy. Urine, saliva, pleural effusions and
cerebrospinal fluid also proved supply of tumor derived information (Corcoran & Chabner, 2018).
Since the basis of this thesis is the analysis of ¢cfDNA in pancreatic cancer, further explanations of

liquid biopsy will focus on cfDNA, in particular.
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1.3.1 Cell-free DNA

Cell-free DNA describes all circulating nucleic acids that can be detected in the noncellular
component of the blood and was first reported in plasma by Mandel and Metais (Mandel & Metais,
1948). Since the discovery that the circulating DNA level in the blood stream is elevated among
cancer patients, first studies assumed a prognostic and predictive quality in the measurement of
circulating DNA level (Leon et al., 1977). Subsequently, several study groups dedicated their work
to assess the potential that cfDNA analysis could offer for treatment and diagnostics of cancer.
CfDNA is released into the blood stream through apoptosis and necrosis of somatic and cancer
cells, but there is also evidence that cells actively shed DNA into circulation, and both mechanisms
contribute to the release of nucleic acids into the blood (Jahr et al., 2001; Rogers et al., 1972).
Considering the mechanism by which cfDNA is released into the blood, it is not surprising that
cfDNA level rises in case of tissue stress such as exercise, inflammation or surgery (Corcoran et
al., 2018; Diehl et al., 2008).

Fortunately, tumor specific mutations were detected in cfDNA, suggesting that a part of these
molecules is also tumor derived (Sorenson et al., 1994). The part of the cfDNA, carrying tumor
specific mutations, is referred to as circulating tumor DNA (ctDNA). The fraction of ctDNA in
cfDNA underlies a great variety and ranges from less than 0.1% to more than 90%, depending on
tumor type and tumor burden (Corcoran et al., 2018; Diehl et al., 2005; Jahr et al., 2001).

Cell-free DNA is usually double-stranded and fragmented down to a size of more than 400 base
pairs, whereas ctDNA shows a higher fragmentation and consists mostly of fragments with a size
less than 200 base pairs. The difference in fragment size regarding to the origin of the cfDNA is
based on differences in the release mechanisms of the cfDNA into the blood stream (Jahr et al.,
2001; Mouliere et al., 2018).

As genetic alterations increasingly influence treatment and diagnostics in cancer management,
circulating nucleic acids of the tumor contain valuable information for the understanding of each

individual tumor.
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1.3.2  Current perspective of ctDNA analysis in cancer

As the attention towards ctDNA analysis arouse, a large number of studies investigated the
prognostic value of this biomarker in different cancer entities. Correlation between mutant ctDNA
level and disease progression as well as overall survival of patients were observed multiple times
(Dawson et al., 2013; Hamana et al., 2005; Schwarzenbach et al., 2012). In accordance with that,
the amount of mutant ctDNA correlates with other prognostically relevant parameters such as
tumor size, tumor stage and histological grade (Dawson et al., 2013; Schwarzenbach et al., 2012).
CtDNA analysis might even be a better tool to analyze tumor genetics than tissue biopsy (Russo et
al., 2016). A disadvantage of the tissue biopsy is its bias to reflect mutational alterations present in
a specific part of a tumor without further information on the mutational heterogeneity of all tumor
subclones and their metastases (Russo et al., 2016). Studies have found differences in the
mutational patterns between metastases and primary tumor as well as in between different tumor
lesions, which may explain differences in treatment response between individual tumor lesions
(Goyal et al., 2017). Comparing liquid and tissue biopsy, studies reported that ctDNA analysis is
able to reflect the mutational heterogeneity detected in multiple tissue biopsies and can reliably
detect driver mutations with a 80-90% concordance between ctDNA analysis and tissue biopsy
(Blakely et al., 2017; Corcoran et al., 2018; Russo et al., 2016).

In summary, ctDNA detection may offer improvement of prognostic evaluation and diagnostic

methods in cancer management and further research in this field is needed.

1.3.3 Implementation of cfDNA analysis in pancreatic cancer

As previously outlined, limited options for early diagnosis and therapy monitoring in the
management of pancreatic cancer contribute decisively to its dismal prognosis (Vincent et al.,
2011). Initial confirmation of diagnosis and detection of driver mutations is still dependent on an
invasive biopsy (Buscail et al., 2019).

For this reason, studies on the value of liquid biopsy in pancreatic cancer have been increasing in

number, which are mainly addressing the exploration of ctDNA, CTC, exosomes and cfRNA
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(Buscail et al., 2019; Metzenmacher et al., 2020; Zhu et al., 2020). Analysis of CTC and exosomes
already revealed promising diagnostic and prognostic value (Yadav et al., 2018). CfRNA detection
in pancreatic cancer patients is a less explored area, though first approaches on its value in early
diagnosis are promising (Metzenmacher et al., 2020). A main focus of studies on liquid biopsy in
pancreatic cancer has been laid on ctDNA testing (Buscail et al., 2019; Zhu et al., 2020).

Because mutations on the KRAS gene are a frequently observed event in pancreatic cancer,
screening for mutant KRAS allows an accurate identification and quantification of the tumor
derived proportion of isolated cfDNA (Bailey et al., 2016).

Different methods have been implemented for KRAS analysis in cfDNA, which are among others
digital droplet polymerase chain reaction (ddPCR), quantitative-PCR, real-time PCR, direct
sequencing and next-generation sequencing (NGS) (Buscail et al., 2019). First results of these
studies emphasize the potential of ctDNA analysis in diagnostic and prognostic matter. Even in
early stages of pancreatic cancer, in which curative treatment is still possible, KRAS mutations are
detectable by liquid biopsy (Brychta et al., 2016). Furthermore, studies have reported a relation
between detectability of ctDNA by mutant KRAS analysis and reduced overall survival,
progression-free survival (PFS) and disease-free survival after resection (Bernard et al., 2019;
Creemers et al., 2017; Hadano et al., 2016; Pietrasz et al., 2017; Sausen et al., 2015). According to
some reports, the ctDNA analysis was even able to detect disease recurrence months earlier than
the radiological assessment (Sausen et al., 2015; Tjensvoll et al., 2016).

Due to diversity of DNA isolation methods and KRAS analysis, comparisons between studies
remain difficult (Buscail et al., 2019). More data on the concordance between KRAS mutations
detectable in the tumor and in plasma are needed when assessing the ability of liquid biopsy to
detect tumor mutations (Brychta et al., 2016).

The promising results of previous studies on the benefits of liquid biopsy in pancreatic cancer
management inspired this thesis to further explore the feasibility of ctDNA mutant KRAS analysis

in PDAC patients.
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2  AIMS

This study addressed the urgent need for improvement in advanced pancreatic cancer management.
In this sense, it further explored liquid biopsy as a diagnostic and therapeutic option for PDAC
patients.

Firstly, different cfDNA isolation methods for ctDNA analysis were evaluated.

Further, a feasibility study was performed in a retrospective design to investigate a possible value
of ddPCR mutant KRAS detection for prognostic and predictive patient stratification.

Then, these findings were compared with standard methods for prognostic evaluation to see what

this method might offer for the treatment of pancreatic cancer.

20



Material and Methods

3  MATERIAL AND METHODS

3.1  Aquisition of patient data

Patients were included into the analysis when either locally advanced or metastatic PDAC was
diagnosed and when they were treated with at least one dose of systemic chemotherapy between
March 2016 and February 2020. Out of this cohort, patients who had a therapy-naive sampling time
point available in the Biobank were analyzed regarding predictive and prognostic value of mutant
KRAS analysis. Histological diagnosis was based on the current World Health Organization (WHO)
criteria and tumor staging was performed according to the AJCC/ UICC TNM classification.
Patients were included from start of 1% line chemotherapy, which they received at the
Westdeutsches Tumorzentrum (WTZ). If patients received a resection of the tumor in curative
intention and had a relapse, they were included from the day the relapse was diagnosed. The study
was approved by the local Ethics Committee of the Medical Faculty of the University Duisburg-
Essen (Nr.:17-7729-BO). Data acquisition was performed by retrieving electronic patient files of
the hospital platform “Medico”, provided by Cerner Corporation. Using “Medico”, therapy
protocols, medical reports, CT images and laboratory results were accessible.

The analysis of chemotherapy application was assisted by the “Computer aided therapy for
oncology” (CATO), a software of Becton Dickinson Austria GmbH, which offers precise
information about time point of application and dosage of chemotherapeutics. Access to “Medico”
and the attached “CATO” were password-protected and the derived data were pseudonymized for
further analysis. All data were assembled in an excel table, containing clinicopathological

parameters, laboratory values, as well as therapy lines and their corresponding staging results.

3.2 Evaluation of treatment response

Tumor staging was performed every 8-12 weeks depending on the respective chemotherapy
protocol by evaluating CT images in accordance with the Response Evaluation Criteria in Solid

Tumors (RECIST) version 1.1., which advises to proceed as follows. Potential tumor derived
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lesions are distributed into target and non-target lesions. Target lesions measure more than 10 mm
in their longest diameter. Five lesions in total and two lesions per organ can be considered as target
lesions, referring to multilocular tumor manifestation in one image. Non-target lesions are
lymphatic nodes, whose smallest diameter is less than 15 mm, other lesions with longest diameter
less than 10 mm, and other unmeasurable manifestations of tumor expansion, such as ascites or
blastic bone lesions. Assessing the baseline tumor load in the first CT image is a prerequisite for
comparing further staging CT images. For this purpose, the longest diameter of the target lesions,
or the smallest diameter in case of lymphatic nodes, is summed to define the tumor load at baseline.
In the following staging CT, the previously documented lesions were remeasured, and their
variation from baseline tumor burden defined the staging result as presented in the following

(Eisenhauer et al., 2009).

Defining Response Criteria based on target lesions (Eisenhauer et al.., 2009):

e Complete Response (CR):
Absolut decline of all target lesions and all pathologically enlarged lymphatic nodes must
have a reduction in short axis to < 10 mm.

e Partial Response (PR):
A minimum of 30% reduction in the sum of diameters of target lesions, taking as reference
the baseline tumor load.

e Stable Disease (SD):
Neither criteria for CR, PR or PD are met.

e Progressive Disease (PD):
A minimum of 20% increase in the sum of diameters of target lesions, taking as reference
the smallest sum on study. Additionally, the increase must be at least 5 mm. The

appearance of new lesions during follow-up also defines a progression.
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Defining Response Criteria based on non-target lesions (Eisenhauer et al., 2009):

Complete Response (CR):

Absolute decline of all non-target lesions along with a normalization of tumor marker level
and a shrinkage of all lymphatic nodes down to a size < 10 mm in smallest diameter.

Not CR/ not PD:

Maintenance of non-target lesions and/or tumor marker measurable above the normal
limits.

Progressive Disease (PD):

Unequivocal progression of existing non-target lesions or appearance of new lesions.
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Table 2. Evaluating overall response in patients with target and non-target lesions.

Target Lesions Non-target Lesions New Lesions Overall Response
CR CR No CR
CR Not CR/ not PD No PR
CR Not evaluated No PR
PR Non-PD or not No PR
evaluated
SD Non-PD or not No SD
evaluated
Not all evaluated Non-PD No NE
PD Any Yes or No PD
Any PD Yes or No PD
Any Any Yes PD

3.2.1 Calculation of Overall Survival

Overall Survival (OS) was defined as time from start of 1% assessed chemotherapy until death of
any cause. In one case the exact death date was not available so that the patient was censored at the
time point of last follow-up. Six patients were alive during the entire observation period and were

therefore censored at the 01.02.2020 when the observation ended.

3.2.2 Calculation of Time-to-treatment failure

Time-to-treatment failure (TTF) was defined as time from start of the respective chemotherapy line
until last drug administration of the same therapy line. One patient was lost to follow-up during 1%
line therapy and was censored at the day the last dose of therapy was administered. Two patients
received chemotherapy beyond the end of this study, one during his 1* and one during his 2™

therapy line. These patients were also censored at the end of observation period the 01.02.2020.
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3.3  Statistics

The distribution of continuous variables was assigned by mean and median value or interquartile
range and standard deviation as appropriate and compared with Wilcoxon test if paired and with
Mann-Whitney-U test if unpaired. Categorial variables were summarized as frequency (%) and
their deviation was assigned by median and range. The comparison between categorial variables
was calculated using Chi-squared test or Fisher’s exact test as appropriate.

Overall survival and time-to-treatment failure were calculated using the Kaplan-Meier method
(Kaplan & Meier, 1958). The comparison between overall survival and time-to-treatment failure
curves was performed using the log-rank test.

The values in figure 15 were logarithmized to simplify representation of small changes in
biomarker levels over time and all values were added with 10 to include values of zero in the
logarithmized representation.

Statistical analysis was performed using Graph pad prism version eight.

3.4 Methods of the experimental approach

3.4.1 Comparison of cell free DNA isolation Kits

CfDNA yield and fragment size of three commercially available ctDNA isolation kits were
compared to find the most suitable method for the liquid biopsy approach. CtDNA is known to be
more fragmented in comparison to cfDNA of other origin. As a consequence, the intention was to
isolate specifically small DNA fragments (Mouliere et al., 2011). The kits included into the
comparison were the Maxwell® RSC ccfDNA Plasma Kit (Promega), QIAmp Circulating Nucleic
Acid Kit (QIAGEN) and Zymo Quick-cfDNA™ Serum & Plasma Kit (Zymo Research). The
QIAGEN and Zymo kits represent spin column-based methods, whereas the Maxwell RSC kit
isolates cfDNA using magnetic beads. The kits were tested each with four samples of 1 ml plasma.
The plasma samples are from patients with advanced stage non-small cell lung cancer. An elution
volume of 50 pl was set for every kit. The experiments were performed following the

manufacturers protocol. The samples were quantified by Quantus™ Fluorometer (Promega),
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following the instructions of the company. Subsequently, the fragment length of each sample was
measured using the Agilent High Sensitivity D1000 Screen Tape System (Agilent Technologies)

regarding to the manufacturers recommendations.

Devices used:
o Maxwell® RSC Instrument (Promega, Madison, WI, USA)
e Quantus™ Fluorometer (Promega, Madison, WI, USA)
e 2200 TapeStation System (Agilent Technologies, Waldbronn, Germany)
Kits used:
e  Maxwell® RSC ccfDNA isolation kit (Promega, Madison, W1, USA)
¢  QIAmp Circulating Nucleic Acid Kit (QIAGEN, Hilden, Germany)
e Quick-cfDNA™ Serum & Plasma Kit (Zymo Research, Irvine, OC, USA)
¢ QuantiFluor® dsDNA System (Promega, Madison, W1, USA)
o Agilent High Sensitivity D1000 ScreenTape System (Agilent technologies, Waldbronn,

Germany)

3.4.2 Blood sampling for mutant KRAS detection

Blood was drawn routinely during clinical visits by the responsible hospital staff and plasma was
separated by the Westdeutsche Biobank Essen (WBE). According to the Biobank, the separated
plasma samples were stored at -80 degrees Celsius until further usage for ddPCR mutant KRAS

detection.

3.4.3 Next-generation sequencing of primary tumor

Next-generation sequencing (NGS) was performed in the pathology of our clinic. According to
their information on the process of the mutation analysis, DNA was isolated from a region of the

tumor biopsy containing at least 60% tumor cells. This material was analyzed by NGS of multiple
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PCR amplicons. For this purpose, a GeneRead DNAseq Custom Panel V2 (Qiagen), specifically
the MAPKtron panel covering 47 genes, was used and a library was generated using NEBNExt®
Ultra™ DNA Library Pep Kit from Illumina (NEB). The sequencing was carried out on an [llumina
MiSeq™ Machine and the resulting data were analyzed by Cancer Research Workbench (CLC

Bio).

3.4.4 DNA isolation

Following the results from the cfDNA isolation kit comparison, the Maxwell® RSC ccfDNA
isolation kit (Promega, Madison, WI, USA) was chosen to isolate cfDNA from the plasma of the
PDAC cohort. According to the protocol of Maxwell® RSC, all plasma samples were processed as
follows: The plasma, previously stored at -80 degrees Celsius, was left for 30 minutes at room
temperature to though. In the meantime, prepared cartridges were placed on the deck tray of the
Maxwell device, and the sealing foil on top of the cartridges was peeled back. 0.5 ml elution tubes
for each isolated DNA sample were labeled and placed into the respective retainer. 1 ml of each
plasma sample was transferred into to each well. A plunger was placed into well number eight of
each cartridge. 60 pl of elution buffer were added to the bottom of each elution tube and the

process was initiated. The isolation results in an elution volume of 50 ul DNA.

Device used:

e Maxwell® RSC Instrument (Promega, Madison, WI, USA)
Kit used:

o Maxwell® RSC ccfDNA isolation kit (Promega, Madison, WI, USA)
Material used:

e Pipettes (Gilson, Madison, WI, USA)

e (.5 ml PCR Tubes (Promega, Madison, WI, USA)
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3.4.5 DNA concentration measurement

The concentration of the eluted DNA was measured using Quantus™ Fluorometer (Promega,
Madison, WI, USA), a fluorescence-based method, following the manufacturer’s instructions. At
first, 20X TE buffer was diluted to 1X TE buffer using nuclease-free water. QuantiFluor® dsDNA
Dye working solution was prepared by diluting QuantiFluor® dsDNA dye to 1:200 using 1X TE
buffer, and it was kept in foil to stay light protected. All samples including the blank and the
standard were prepared in 0.5 ml PCR tubes. Blank was prepared mixing 100 pl working solution
and 100 pl 1X TE buffer. For the standard, 2 pl standard DNA, 98 pl 1X TE buffer and 100 pl
working solution were mixed. 98 pl of 1X TE buffer and 100 ul working solution were added to 2
pl of each DNA sample. All tubes were vortexed and then kept in the dark for five minutes.
Afterwards, DNA concentration of all samples was measured using Quantus™ Fluorometer, ahead

of all the blank and the standard to calibrate the device.

Devices used:

e Quantus™ Fluorometer (Promega, Madison, WI, USA)

e Vortex-Genie 2 (Scientific Industries, Bohemia, NY, USA)
Kit used:

¢ QuantiFluor® dsDNA System (Promega, Madison, W1, USA)
Material used:

e (.5 ml PCR tubes (Promega, Madison, WI, USA)

e 20X TE-Buffer (Promega, Madison, WI, USA)

e Nuclease-Free Water (Promega, Madison, WI, USA)

3.4.6 Digital droplet PCR mutant KRAS detection

The isolated cfDNA was amplified, using digital droplet PCR technology by Bio-Rad (Bio-Rad),

which is an emulsion-based method. Using ddPCR™ KRAS screening multiplex kit, G12A, G12C,
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G12D, GI2R, GI12S, G12V and G13D KRAS mutations can be detected, each with a different
assay. The kit contains two TagMan hydrolysis probes, one specific for the wild-type allele labeled
“HEX” and one specific for the KRAS mutant allele labeled “FAM” and a single primer pair for
each assay. The positive control was DNA from A549, an alveolar adenocarcinoma derived cell
line, which contains homozygous mutated RAS at the protein sequence G12S (Giard et al., 1973).
As negative control served DNA from DIFI, a colorectal carcinoma derived cell line which
contains homozygous wild-type RAS gene (Untawale et al., 1993). Following the manufacturer’s
protocol, duplicates for each DNA sample were prepared in a 96-well plate, mixing 5 pl of sample,
11 pl of ddPCR Supermix for Probes (No dUTP), 4.9 pl of nuclease-free water and 1.1 pl of
multiplex primers and probes, adding up to a total volume of 22 pl per sample. Because the amount
of ctDNA in each sample is not reflected by the DNA concentration measured, equal volumes of
each sample were taken to further proceed with ddPCR amplification, regardless of their respective
DNA concentrations. To generate the droplets, 20 pul of each sample were transferred into a DG8™
cartridge (Bio-Rad) and 70 pl of Droplet Generation Oil for Probe (Bio-Rad) were added to the
respective row. The cartridges were covered with a DG8™ Gasket (Bio-Rad) and droplets were
generated using QX100 Droplet Generator (Bio-Rad). Afterwards, 40 pl of droplets were
transferred into another 96-well plate, covered with pierceable Foil Heat Seal (Bio-Rad) and sealed
with a PX1 PCR plate sealer (Bio-Rad). After the sealing process, the 96-well plate was transferred
into the thermal cycler and the DNA was amplified according to the cycling conditions

recommended by the manufacturer (table 3).
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Table 3. Cycling conditions for PCR amplification.

Temperature Number of
Cycling Step Time Ramp Rate
(°C) Cycles
Enzyme activation 95 10 min 2 °C/s 1
Denaturation 94 30s 2 °C/s 40
Annealing/extension Optimum 1 min 2 °C/s 40
Enzyme deactivation 98 10 min 2 °C/s 1
Hold 4 infinite 1 °C/s 1

Following the amplification process, absolute quantification of positive and negative droplets was
performed by the QX100™ Droplet Reader (Bio-Rad) and analyzed with QuantaSoft™ Software
Version 1.7.4. (Bio-Rad). The positive endpoint was defined as detection of a droplet containing
one of the seven detectable KRAS mutations. The results of the analysis were calculated in number
of positive copies per 1 ml of plasma. The thresholds were set based on the positive and negative

controls in each run and were set around 7.000 for channel 1 (FAM) and 3.000 for channel 2

(HEX).
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Figure 1. Two-dimensional scatterplot showing the fluorescence amplitude of channel 1
(FAM) and channel 2 (HEX) for each droplet.

Thresholds were set at 7.000 for channel 1 and 3.000 for channel 2. In blue color: FAM positive
droplets containing KRAS mutant DNA. In green color: HEX positive droplets containing KRAS
wild-type DNA. In orange color: FAM and HEX positive droplets, containing KRAS mutant and
KRAS wild-type DNA. In grey color: FAM and HEX negative droplets, containing no measurable
KRAS gene sequence.

Devices used:
e PXI1™ PCR Plate sealer (Bio-Rad, Hercules, CA, USA)
e SensoQuest LabCycler (Sensoquest, Gottingen, Germany)
e  QX100™ droplet reader (Bio-Rad, Hercules, CA, USA)
Kits used:
e ddPCR™ KRAS Screening Multiplex Kit (Bio-Rad, Hercules, CA, USA)
Material used:
e DNA from A549
e DNA from DIFI
e DdAPCR™ 96-Well Plate (Bio-Rad, Hercules, CA, USA)
¢ Nuclease-free water, Aqua B. Braun (B.Braun, Melsungen, Hessen, Germany)
e DG8™ cartridge (Bio-Rad, Hercules, CA, USA)

¢ Droplet Generator Oil (Bio-Rad, Hercules, CA, USA)
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o DG8™ Gasket (Bio-Rad, Hercules, CA, USA)
e Pierceable Foil Heat Seal (Bio-Rad, Hercules, CA, USA)

e Pipettes (Gilson, Madison, WI, USA)
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4 RESULTS

The present study investigated the options circulating mutant KRAS analysis may offer in the
management of pancreatic cancer.

First, the qualitative and quantitative performance of different commercially available cell-free
DNA (cfDNA) isolation kits was evaluated in order to select the best performing kit.

CfDNA was then isolated from plasma samples and mutant KRAS load in each sample was
determined by means of droplet digital PCR (ddPCR).

Subsequently, clinical data, including therapy and patient’s response, were analyzed.

Further, mutant KRAS detection in blood and tumor biopsy were correlated with survival data and
compared with established methods for response monitoring such as CT imaging and CA 19-9

levels.

4.1  Evaluation of DNA isolation methods for liquid biopsy

The isolation of high quality cfDNA is an indispensable first step to allow a precise evaluation of
the ctDNA analysis in the following.

For this purpose, we evaluated the performance of different commercially available cfDNA
isolation kits. Tumor-derived DNA is typically shorter than genomic DNA in circulation, which
leads to the assumption that the kit with the highest yield of small DNA fragments would be
preferable (Mouliere et al., 2018). The Qiagen kit, which is frequently used in many studies on
liquid biopsy, was compared with the Zymo and the Maxwell kit.

The Qiagen kit showed the highest DNA yield with an average of 20.6 ng/ml plasma, compared to
the Maxwell and Zymo kits, which reached an average DNA yield of 10.4 ng and 10.9 ng,

respectively (table 4).
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Table 4. CfDNA yield isolated by three different cfDNA isolation Kits.

DNA was isolated by each kit from four plasma samples. Each sample consisted of 1 ml of plasma
and derived from non-small cell lung cancer patients. The Qiagen kit recovered the highest DNA

yield, compared to the Maxwell and the Zymo kits.

Mean DNA yield

Kit Standard Deviation No. of Samples
ng/ml plasma
Maxwell 10.4 +/- 8.3 4
Zymo 11 +/- 8.4 4
Qiagen 20.6 +/-3.9 4

Additionally, the size distribution of the isolated DNA was analyzed on the TapeStation using the
High sensitivity D1000 DNA ScreenTape Analysis. This analysis showed that the Maxwell kit
exclusively isolated smaller DNA fragments with a length around 160-200 bp. The Qiagen and the
Zymo kits recovered both small DNA fragments with a length of 160-200 bp and large DNA

fragments with a length of 500-600 bp (table 5, figure 2).

Table 5. TapeStation analysis of DNA fragment length.

The isolated fragments can be divided into two size ranges from 160-200 bp and from 500-600 bp.
The Maxwell kit only isolated small fragments. The Qiagen kit recovered more large fragments

than small fragments, whereas the Zymo kit isolated more small fragments than large fragments.

Fragment range Maxwell (pg/ul) Zymo (pg/nl) Qiagen (pg/nl)
Mean (SD) Mean (SD) Mean (SD)
160-200 bp 48.6 (+/- 61.51) 55.75 (+/-75.4) 12.4 (+/- 13)
500-600 bp 0 14.3 (+/- 10.3) 40.6 (+/- 26.8)
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Figure 2. Electrophoretic view of TapeStation runs, analyzing cfDNA size profiles.

Size
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Size profiles of the isolated DNA fragments were obtained by TapeStation runs. A: The fragment

length isolated by the Maxwell kit covered a range of 160-210 bp with a mean length of 179 bp. B:

The Qiagen kit recovered two size ranges of DNA fragments, one with a mean length of 515 and a

range of 420-700 and a smaller fraction with a mean length of 165 and a range of 150-200. C: The

two size ranges isolated by the Zymo kit show one larger fraction with a mean length of 172 and a

range of 150-210 and one smaller fraction with a mean length of 606 and a range of 500-1000.
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These results demonstrate that the Maxwell kit was able to isolate a purer fraction of small-
fragmented DNA, whereas the Zymo and the Qiagen kit additionally recovered larger DNA
fragments. This finding was crucial for the decision to perform DNA isolation with the Maxwell kit
within the further course of this study. A noteworthy advantage of the Maxwell kit is its ability to

self-sterilize after each sample prep which helps to avoid contaminations.

4.2 Detection of mutant KRAS in cell-free DNA by ddPCR

4.2.1 Assessing the limit of detection for the ddPCR approach

At the beginning, detection limits of mutant KRAS by ddPCR were assessed. Therefore,
homozygote mutant KRAS DNA was serial diluted in wild-type DNA. The dilution range covered
dilutions from 1:10 to 1:20000 and in this setting, a limit of detection (LoD) of 1:500 was

determined.

4.2.2 Mutant KRAS detection in healthy patient plasma

In addition to that, the detectability of mutant KRAS DNA in the plasma of healthy patients was
performed and the average detectable amount of mutant KRAS in these patients was 8 copies/ml
plasma. Based on these findings, mutant KRAS copies above 8 copies/ml were defined as cut-off

value for mutant KRAS positive samples.

4.2.3 Patient selection for mutant KRAS detection

A cohort of 65 patients diagnosed with pancreatic ductal adenocarcinoma and treated between the
beginning of 2016 and the beginning of 2019 were eligible for this study. As a precondition for the
ddPCR experiments it was assured that blood samples from all patients were available in the
biobank. The study was focused on late-stage pancreatic ductal adenocarcinoma to maximize
chances of mutant KRAS detection, consequently nine patients were excluded based on their UICC
stage (UICC < III). Four patients were treated in an external clinic and could not be enrolled into

the study due to incomplete data assessment by the external physicians. Another set of three
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patients were excluded because they received chemotherapy according to the protocol of the “AlO
NEOLAP” study which would falsify the evaluation of treatment and follow-up data as treatment
decisions were made independent of tumor behavior (figure 3). Finally, blood samples of 49
patients were used for ddPCR analysis. Histopathological features, most frequently described to
influence detection rates of mutant KRAS, are summarized in table 6. Additionally, clinico-

oncological characteristics of the same patient cohort are shown in table 7.

65 Patients

UICC Stage < 3
{ (9)

56 Patients

\ 4

52 Patients

Pretreated (4)

Included in
NEOLAP
Study (3)

v

49 Patients

Figure 3. CONSORT diagram describing patient selection of our study cohort.

Patient selection was performed based on availability of blood samples in the biobank and UICC
stage. Pretreated patients and patients included into the NEOLAP study were excluded from the
analysis (Kunzmann et al., 2021). From an initial cohort of 65 patients, 49 patients were selected

for this study.
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Table 6. Histopathological features for all 49 patients selected for the liquid biopsy approach.

Abbreviations: UICC stage: Union for International Cancer Control, TNM stage according to the

7th UICC/AJCC edition.

Variable Patient cohort for treatment analysis (N=49)

UICC stage

I 6.1% (N=3)

v 93.9% (N=46)
Grading

Gl 4.1% (N=2)

G2 59.1% (N=29)

G3 32.7% (N=16)

Gx 4.1% (N=2)
T-stage

T2 20.4% (N=10)

T3 26.5% (N=13)

T4 20.4% (N=10)

Tx 32.7% (N=16)
N-stage

NO 12.2% (N=6)

N1 28.6% (N=14)

N2 4.1% (N=2)

Nx 55.1% (N=27)
M-stage

MO 6.1% (N=3)

Ml 93.9% (N=46)
Sites of metastasis

hepatic 71.4% (N=35)

peritoneal 32.7% (N=16)

pulmonary 20.4% (N=10)

other 20.4% (N=10)
Number of metastatic sites

1 59.2% (N=29)

> 1 34.7% (N=17)
Primary tumor location

head 51% (N=25)

body or tail 49% (N=24)
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Table 7. Clinico-oncological features of the KRAS detection cohort.

Biomarker levels refer to the treatment-naive sampling time point. Abbreviations: ECOG: Eastern
Cooperative Oncology Group, BORR: Best Overall Response Rate, LDH: Lactate dehydrogenase,
CRP: C-reactive protein, CA 19-9: Carbohydrate antigen 19-9, CTX: chemotherapy, Gem:

gemcitabine, 5-FU: 5-fluorouracil.

Variable Patient cohort for treatment analysis (N=49)

Gender

male

65.3% (N=32)

female 34.7% (N=17)
Age in years
Median 61
Range 37-82
25™ 5 75" %ile 5566
> 60 years 55.1% (N=27)
> 70 years 14.3% (N=7)
> 75 years 4.1% (N=2)
ECOG pre CTX
0 69.4% (N=34)
1 16.3% (N=8)
2 or more 14.3% (N=7)
Lines of therapy
received 1 line 100% (N=49)
received 2 lines 36.7% (N=18)
received 3 or more lines 10.2% (N=5)
1* line therapy
5-FU-based 67.3% (N=33)
Gem-based 32.7% (N=16)
2" line therapy
5-FU-based 22.2% (N=4/18)
Gem-based 77.8% (N=14/18)
1* line CTX 5-FU-based
BORR
PR 39.4% (N=13/33)
SD 42.4% (N=14/33)
PD 18.2% (N=6/33)
NC 0% (N=0/33)
n.a. 0% (N=0/33)
1* line CTX Gem-based
BORR
PR 25% (N=4/16)
SD 37.5% (N=6/16)
PD 25% (N=4/16)
NC 6.3% (N=1/16)
n.a. 6.3% (N=1/16)
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LDH > 240 (U/l) ULN
> 240 (U/1) 57.1% (N=28)
<240 (U/1) 42.9% (N=21)
Median (U/1) 230
25" ; 75"%ile (U/1) 202 ;298
CRP > 0.5 (mg/dl) ULN
> 0.5 (mg/dl) 83.7% (N=41)
<0.5 (mg/dl) 16.3% (N=8)
Median (mg/dl) 2.5
25™; 75"%ile (mg/dl) 0.8;4.4
CA 19-9 > 37 (U/ml) ULN
> 37 (U/ml) 83.7% (N=41)
<37 (U/ml) 16.3% (N=8)
Median (U/ml) 6981.4
25" 75"%ile (U/ml) 351.5;27907

4.2.4 Results of ddPCR mutant KRAS analysis

DNA isolation and mutant KRAS detection was performed for all eligible patients. Accordingly, a
set of 125 plasma samples, from the 49 patients enrolled in this study, was profiled with ddPCR.
The median cfDNA concentration of these samples was 15.5 ng/ml plasma (IQR: 9.5-73 ng/ml).
Mutant KRAS was detectable in 58.4% of samples (n=73/152) with a median mutant KRAS load of
69 copies/ml plasma (IQR: 18-500 copies/ml). A therapy-naive sampling time point (T0) was
available from 32 patients in this cohort and from 22 patients, at least one follow-up time point was
available after start of chemotherapy. The amount of mutant KRAS positive patients, as well as the
median number of mutant KRAS copies/ml was lower after therapy started (50% vs 65.6% and 32
copies/ml vs 180 copies/ml). The mutational allele fraction (MAF) was calculated for both groups,
which describes the ratio between mutant KRAS counts and the sum of wild-type KRAS and mutant
KRAS counts. TO samples presented higher MAF values with a median of 6.15% (IQR: 1.04-

20.35), compared with the posttreatment samples with an MAF of 0.37% (IQR: 0.28-1.6) (table 8).
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Table 8. Results of DNA isolation and ddPCR mutant KRAS analysis from patient plasma.

The results of ddPCR mutant KRAS analysis are presented in three groups: once the results for all
patients and all follow-up samples analyzed (N=49) and separately the results of the therapy-naive
sampling time point (N=32) and the first posttreatment time point (N=22). Abbreviations: conc.:
concentration, TO: therapy-naive sampling time point, T1: first time point after treatment, MAF:

mutational allele fraction.

Variable All patients TO0 (N=32) T1 (N=22)
(N=49)

No. of samples n=125 n=32 n=22

CIfDNA conc. (ng/ml)
Median (ng/ml) 15.5 13.7 18.8
Range (ng/ml) 2-800 3.3-800 2-180
25™; 75" %ile 9.5,;73 9.2;25.8 7.7;53
(ng/ml)

KRAS status
KRAS™ 58.4% 65.6%  50% (n=11/22)
positive (n=73/125) (n=21/32)
KRAS™ 41.6% 34.4%  50% (n=11/22)
negative (n=52/125) (n=11/32)

KRAS™ positive

samples (copies/ml)
Median 69 180 32
(copies/ml)
Range 10-118200 14-118200 14-500
(copies/ml)
25™; 75" %ile 18 ; 500 66 ;1260 16 ;48
(copies/ml)

MAF of KRAS™"

positive samples (%)
Median (%) 1.22 6.15 0.37
Range (%) 0.03-60.93 0.35-60.93 0.09-3.3
25™ 5 75" %ile 0.37 ;8.25 1.04 ;20.35 0.28 ; 1.6
(%)

4.3  Analysis of treatment and follow-up data of the patient cohort

The results of this study must be interpreted in the context of any inconsistencies between this
patient cohort and other study populations.
For this purpose, treatment and follow-up data of the patient cohort were closely analyzed and

coherences between patient characteristics and survival data were examined.
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4.3.1 Selection of palliative chemotherapy regimen in the study cohort

The optional therapy regimens can be divided into therapies that are based on 5-FU as therapeutic
drug and those based on gemcitabine. The majority of patients in this cohort received a 5-FU-based
therapy as 1* line treatment (N=33), whereas 16 patients received a gemcitabine-based therapy as
primary treatment (N=16). The 5-FU-based therapy group consisted of 30 cases which received the
combination of 5-FU, irinotecan, oxaliplatin and folinic acid (FOLFIRINOX) and three cases
treated with the combination of 5-FU, folinic acid and oxaliplatin (FOLFOX). A combination of
gemcitabine and nab-paclitaxel was administered in 12 out of 16 gemcitabine-based first line
therapies. The remaining patients (N=4) were treated with gemcitabine alone.

2" line treatment was feasible for 18 patients and various treatment regimens were selected for
that purpose, including FOLFIRINOX, FOLFOX, the Napoli-protocol, gemcitabine nab-paclitaxel
and gemcitabine monotherapy. Because of the various distribution of 2™ line treatments,
correlations between individual 2™ line regimen and outcome would have a low statistical power.

Thus, the focus of this analysis laid on the 1* line therapy (figure 4).
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1%t line Therapy 2"d line Therapy
(N=49) (N=18)

FOLFIRINOX

NAPOLI
Gem based (N=16)
Gem nab (N=12)
Gem mono (N=4)

FOLFOX

5-FU based (N=33)
FOLFIRINOX (N=30) .
FOLFOX (N=3) Gem cis

Gem nab

Figure 4. Treatment distribution within 1** and 2" line therapy administered in the study
cohort.

Within the cohort of 49 patients, 16 patients were treated with a gemcitabine-based regimen and 33
patients received a 5-FU-based treatment as 1% line. A 2" line was feasible for 18 patients.
Abbreviations: Gem: Gemcitabine, nab: nab-paclitaxel, FOLFIRINOX: Folinic acid, 5-FU,
irinotecan, oxaliplatin, FOLFOX: Folinic acid, 5-FU, oxaliplatin, cis: cisplatin, NABFU: Nab-

paclitaxel, folinic acid, 5-FU, NAPOLI: nanoliposomal irinotecan, 5-FU, folinic acid.

4.3.2 Comparison of patient characteristics between the two treatment arms

In the following, the histopathological and clinico-oncological characteristics of the patients were
compared depending on whether a 5-FU- or gemcitabine-based treatment was administered as 1*
line. This helped to identify a potential bias between the two therapy groups, which might affect

survival and treatment response (table 9,10).
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Table 9. Histopathological features divided according to 1* line treatment.

P-values were generated by fisher’s exact test and were placed in the respective row of the

parameter that was compared to the other parameters of this category. Abbreviations: UICC stage:

Union for International Cancer Control, TNM stage according to the 7th UICC/AJCC edition.

Variable 5-FU-based Gemcitabine-  p-value
(N=33) based (N=16)

UICC stage
I 6.1% (N=2) 6.3% (N=1) >0.99
v 93.9% (N=31) 93.8% (N=15)

Grading
Gl 6.1% (N=2) 0% (N=0)
G2 57.6% (N=19) 62.5% (N=10)
G3 30.3% (N=10) 37.5% (N=6) 0.75
Gx 6.1% (N=2) 0% (N=0)

T-stage
T2 24.2% (N=8) 12.5% (N=2)
T3 24.2% (N=8) 31.3% (N=5)
T4 21.2% (N=7) 18.8% (N=3) >0.99
Tx 30.3% (N=10) 37.5% (N=6)

N-stage
NO 15.2% (N=5) 6.3% (N=1)
N1 33.3% (N=11) 18.8% (N=3)
N2 6.1% (N=2) 0% (N=0) >0.99
Nx 45.5% (N=15) 75% (N=12)

M-stage
MO 6.1% (N=2) 6.3% (N=1)
Ml 93.9% (N=31) 93.8% (N=15)

Sites of metastasis
hepatic 66.7% (N=22) 81.3% (N=13) 0.62
peritoneal 30.3% (N=10) 37.5% (N=6)
pulmonary 24.2% (N=8) 12.5% (N=2)
other 21.2% (N=7) 18.8% (N=3)

Number of metastatic sites
1 60.6% (N=20) 56.3% (N=9) >0.99
> 1 33.3% (N=11) 37.5% (N=6)

Primary tumor location
head 51.5% (N=17) 50% (N=8) >0.99
body or tail 48.5% (N=16) 50% (N=8)
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Table 10. Clinico-oncological features divided according to the 1* line treatment.

P-values were generated by Fisher’s exact test or by Mann-Whitney-U test as appropriate and were
placed in the respective row of the parameter that was compared to the other parameters of this
category. Biomarker levels refer to the treatment-naive sampling time point. Abbreviations:
ECOG: Eastern Cooperative Oncology Group, LDH: Lactate dehydrogenase, CRP: C-reactive
protein, CA 19-9: Carbohydrate antigen 19-9, CTX: chemotherapy, 5-FU: 5-fluorouracil.

Variable 5-FU-based Gemcitabine- p-value
(N=33) based (N=16)
Gender
male 60.6% (N=20) 75% (N=12) 0.36
female 39.4% (N=13) 25% (N=4)
Age in years
Median 58 65.5 0.007
Range 37-73 49-82
25™; 75" %ile 55,63 60 ; 72.25
> 60 years (N=14) (N=13)
> 70 years (N=2) (N=5)
> 75 years (N=0) (N=2)
ECOG pre CTX
0 69.7% (N=23)  68.8% (N=11)
1 15.2% (N=5) 18.8% (N=3)
2 or more 15.2% (N=5) 12.5% (N=2) >0.99
Lines of therapy
received 1 line 100% (N=33) 100% (N=16) 0.39
received 2 lines 45.5% (N=15) 18.8% (N=3)
received 3 or 14.3% (N=4) 6.3% (N=1)
more lines
LDH > 240 (U/1) ULN
> 240 (U/D) 54.5% (N=18)  62.5% (N=10)
<240 (U/) 45.5% (N=15) 37.5% (N=6)
Median (U/1) 269 247 0.59
25" 75%%ile 197 ;308 211.75;267.25
unm
CRP > 0.5 (mg/dl) ULN
> 0.5 (mg/dl) 78.8% (N=26)  93.8% (N=15)
< 0.5 (mg/dl) 21.2% (N=7) 6.3% (N=1)
Median (mg/dl) 2 2.65 0.95
25" 75%%ile 0.8;5 1.75;3.53
(mg/dl)
CA 19-9 > 37 (U/ml) ULN
> 37 (U/ml) 84.8% (N=28)  81.3% (N=13)
<37 (U/ml) 15.2% (N=5) 18.8% (N=3)
Median (U/ml) 5614.15 6981.4 0.99
25" 75" %ile 3424;  741.6 ;20562
(U/ml) 33514.32
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4.3.3  Survival analysis

Follow-up was performed until the 01.02.2020. At data lock, six patients were still alive and one
patient was lost to follow-up, so they were censored at last day of follow-up. Median follow-up
time of the censored patients was 15.7 months. The longest overall survival observed in this study
was 27.2 months and the shortest was 1.9 months. The median overall survival of all 49 patients

was 9.4 months (figure 5).
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Figure 5. Kaplan-Meier analysis illustrating the overall survival of the patient cohort.
Median overall survival of the patient cohort (N=49) was 9.4 months. The shortest survival period

was 1.9 months and the longest survival period was 27.2 months.

Furthermore, time-to-treatment failure (TTF) of 1* and 2™ line treatments was calculated. Because
a 2" line therapy was not administered in all cases, the TTF of the 1 line was calculated as
follows. In the first setup all patients were pooled, regardless of if they were subjected to a 2™ line
treatment or not (N=49) (figure 6A). In addition, those patients who underwent a 2™ line treatment
were analyzed, exclusively (N=18) (figure 6B).

Comparing the median TTF of the 1* line for all patients (N=49) with the group of patients who
received a 2" line treatment, revealed a 1.2 month longer TTF for the second group (4.9 months vs

6.1 months). This might be because the 1* group includes more patients who had to end the 1* line
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treatment prematurely due to a deterioration of the general condition and did not recover enough to
receive a 2™ line treatment. The median TTF of the 1*' line was for both patient groups with 4.9
months (N=49) and 6.1 months (N=18) significantly longer compared to the 2™ line which showed

a median TTF of 2.1 months (figure 6).
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Figure 6. Kaplan-Meier curves comparing TTF of 1* and 2" line treatment.

A: Overview of all patients, who received a 1* line therapy (N=49). Median TTF of the 1* line
therapy was with 4.9 months significantly longer than the TTF of the 2" line with 2.1 months (p-
value*: 0.011, log-rank test). The hazard ratio was 0.44 (CI 95% 0.22-0.9) B: In this graph, only
those patients who received a 2™ line were included into the evaluation of the 1% line (N=18). The
median TTF of the 1 line was 6.1 months, compared to 2.1 months for the 2™ line which was also

statistically significant (p-value*:0.02, log-rank test). The hazard ratio was 0.44 (CI 95% 0.2-0.9).

In the following, clinical features were analyzed regarding their correlation with the follow-up data
of the study cohort. In this context, OS was more than two times higher for patients with an Eastern
Cooperative Oncology Group (ECOGQG) status of 0 (12.4 months), compared with patients with an
ECOG status of 1 (5.6 months) (p-value*: 0.009, log-rank test) (figure 7A). A similar trend could
be observed for the relation between ECOG status and TTF. Patients with an ECOG status of 0 had
a median TTF of 6 months, which is 2.2 times longer compared to the median TTF of patients with

an ECOG of 1 (2.7 months) (p-value*: 0.028, log-rank test) (figure 7B).
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Figure 7. Impact of the ECOG status on overall survival and treatment response of PDAC

patients.

A: Comparison between ECOG status and overall survival (N=42). An ECOG status of 0 was
associated with a significantly longer median OS (12.4 months vs 5.6 months) compared to
patients with an ECOG status of 1 (p-value*: 0.009, log-rank test). The hazard ratio was 0.4 (CI
95% 0.13-1.3). B: Comparison between ECOG status and TTF (N=42). Patients with ECOG 0
showed a 3.3 months longer median TTF compared to patients with ECOG 1 (6 months vs 2.7
months, p-value*: 0.028, log-rank test). The hazard ratio of the two patient groups was 0.44 (CI

95% 0.16-1.24).

To examine whether the choice of 1* line treatment was associated with a better outcome, the
therapy protocols were divided into 5-FU- and gemcitabine-based protocols and compared
afterwards.

Median OS of the 5-FU-based treatment was 9.6 months, which was slightly longer than the 6.4
months OS observed in the gemcitabine-based therapy arm (figure 8A).

The TTF was similar in both treatment groups with a median of 5 months for the 5-FU-based
therapies and 4.85 months for the gemcitabine-based therapies (figure 8B). The differences
between the two therapy groups were statistically not significant neither concerning the OS (p-

value: 0.84, log-rank test) nor the TTF (p-value: 0.21, log-rank test).
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Figure 8. Kaplan-Meier analysis comparing survival and treatment response depending on

the 1* line treatment.
A: OS of patients with a 5-FU-based 1* line therapy and patients with a gemcitabine-based 1% line

therapy (N=49). OS was 9.6 months for 5-FU-based and 6.4 months for gemcitabine-based therapy,
respectively (p-value: 0.84, log-rank test). B: TTF of patients with a 1* line 5-FU-based therapy
compared to a gemcitabine-based 1* line therapy (N=49). Median TTF was 5 months for a 5-FU-

based regimen and 4.89 months for gemcitabine-based treatments (p-value: 0.21, log-rank test).

4.4  Evaluation of the prognostic and predictive value of mutant KRAS

To explore the value of mutant KRAS as a prognostic biomarker and its behavior in the blood
during therapy, estimation of baseline levels in terms of a therapy-naive sampling time point (T0)
was warranted. The patient selection was adapted for that purpose, and 32 patients with a TO time

point were included into this analysis (figure 9).
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Figure 9. CONSORT diagram illustrating the inclusion of patients for ddPCR analysis.
To analyze the prognostic value of mutant KRAS detection, 17 patients had to be excluded from the
investigation because no pretreatment plasma sample was available. Therefore, the final analysis

was carried out with 32 patients.

Both histopathological and clinico-oncological features of the patient cohort with TO sampling time
points were compared to those of the original cohort (N=49) and appeared comparable (table
11,12). Accordingly, it can be assumed that the TO patient cohort is a representative selection of the

overall 49 patients enrolled in this study.
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Table 11. Histopathological features of the KRAS detection cohort.

Abbreviations: UICC stage: Union for International Cancer Control, 7. TNM Classification
according to UICC/AJCC.

Variable Patient cohort for ddPCR analysis (N=32)
UICC stage
I 6.3% (N=2)
v 93.8% (N=30)
Grading
Gl 3.1% (N=1)
G2 56.3% (N=18)
G3 34.4% (N=11)
Gx 6.3% (N=2)
T-stage
T2 25% (N=8)
T3 28.1% (N=9)
T4 15.6% (N=5)
Tx 31.3% (N=10)
N-stage
NO 6.3% (N=2)
N1 31.3% (N=10)
N2 6.3% (N=2)
Nx 56.3% (N=18)
M-stage
MO 6.3% (N=2)
Ml 93.8% (N=30)
Sites of metastasis
hepatic 75% (N=24)
peritoneal 28.1% (N=9)
pulmonary 25% (N=8)
other 15.6% (N=5)
Number of metastatic sites
1 59.4% (N=19)
> 1 34.4% (N=11)
Primary tumor location
head 43.8% (N=14)
body or tail 56.3% (N=18)

51



Results

Table 12. Clinico-oncological features of the KRAS detection cohort.

Biomarker levels refer to the treatment-naive sampling time point. Abbreviations: ECOG: Eastern
Cooperative Oncology Group, BORR: Best Overall Response Rate, LDH: Lactate dehydrogenase,
CRP: C-reactive protein, CA 19-9: Carbohydrate antigen 19-9, CTX: chemotherapy, Gem:

gemcitabine, 5-FU: 5-Fluorouracil.

Variable Patient cohort for ddPCR analysis (N=32)

Gender

male

68.8% (N=22)

female 31.3% (N=10)
Age in years

Median 61.5

Range 45-80

25™; 75" %ile 55.8;67.3

> 60 years 56.3% (N=18)

> 70 years 18.8% (N=6)

> 75 years 3.1% (N=1)
ECOG pre CTX

0 75% (N=24)

1 12.5% (N=4)

2 or more 12.5% (N=4)
Lines of therapy

received 1 line 100% (N=32)

received 2 lines 40.6% (N=13)

received 3 or more lines 12.5% (N=4)
1* line therapy

5-FU-based 75% (N=24)

Gemcitabine-based 25% (N=8)
2" line therapy

1° line CTX 5-FU-based
BORR

5-FU-based
Gemcitabine-based

23.1% (N=3/13)
76.9% (N=10/13)

PR 37.5% (N=9/24)
SD 41.7% (N=10/24)
PD 20.8% (N=5/24)
NC 0% (N=0/24)
n.a. 0% (N=0/24)
1**line CTX Gem-based
BORR
PR 25% (N=2/8)
SD 50% (N=4/8)
PD 25% (N=2/8)
NC 0% (N=0/8)
n.a. 0% (N=0/8)
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LDH > 240 (U/l) ULN
> 240 (U/1) 56.3% (N=18)
<240 (U/1) 43.8% (N=14)
Median (U/1) 250.5
25" ; 75" %ile (U/1) 204.5;289.5
CRP > 0.5 (mg/dl) ULN
> 0.5 (mg/dl) 84.4% (N=27)
<0.5 (mg/dl) 15.6% (N=5)
Median (mg/dl) 2,95
25™; 75"%ile (mg/dl) 0.98;5
CA 19-9 > 37 (U/ml) ULN
> 37 (U/ml) 78.1% (N=25)
<37 (U/ml) 21.9% (N=7)
Median (U/ml) 12845
25"; 75"%ile (U/ml) 351.5;27907

Furthermore, clinicopathological features of TO mutant KRAS positive and TO mutant KRAS
negative patients were compared to identify differences between the two subgroups. This
comparison showed that the number of cases with hepatic metastasis and Lactate dehydrogenase

(LDH) and CA 19-9 level were higher in mutant KRAS positive patients (Table 13,14).
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Table 13. Histopathological features of mutant KRAS positive and negative patients.

P-values were generated by Fisher’s exact test and were placed in the respective row of the
parameter that was compared to the other parameters of this category. Biomarker levels refer to the

treatment-naive sampling time point. Abbreviations: UICC stage: Union for International Cancer

Control, 7. TNM Classification according to UICC/AJCC.

Variable TO KRAS + TO KRAS - p-
(N=21) (N=11) value
UICC stage
I 4.8% (N=1) 9.1% (N=1) >0.99
v 95.2% (N=20) 90.9% (N=10)
Grading
Gl 4.8% (N=1) 0% (N=0)
G2 52.4% (N=11) 63.6% (N=7)
G3 38.1% (N=8) 27.3% (N=3) 0.7
Gn.a. 4.8% (N=1) 9.1% (N=1)
T-stage
T2 23.8% (N=5) 27.3% (N=3) >0.99
T3 19% (N=4) 45.5% (N=5)
T4 19% (N=4) 9.1% (N=1)
T n.a. 38.1% (N=8) 18.2% (N=2)
N-stage
NO 4.8% (N=1) 9.1% (N=1) >0.99
N1 28.6% (N=6) 36.4% (N=4)
N2 4.8% (N=1) 9.1% (N=1)
N n.a. 61.9% (N=13) 45.5% (N=5)
M-stage
MO 4.8% (N=1) 9.1% (N=1)
Ml 95.2% (N=20) 90.9% (N=10)
Sites of metastasis
hepatic 90.5% (N=19) 45.5% (N=5) 0.04
peritoneal 19% (N=4) 45.5% (N=5)
pulmonary 14.3% (N=3) 54.5% (N=6)
other 19% (N=4) 9.1% (N=1)
Number of metastatic sites
1 61.9% (N=13) 54.5% (N=6) >0.99
> 1 33.3% (N=7) 36.4% (N=4)
Primary tumor location
head 42.9% (N=9) 45.5% (N=5) >0.99
body or tail 57.1% (N=12) 54.5% (N=6)
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Table 14. Clinico-oncological features of mutant KRAS positive and negative patients.

P-values were generated by Fisher’s exact- or Mann-Whitney-U test as appropriate and were

placed in the row of the parameter that was compared to the other parameters. Biomarker levels

refer to the treatment-naive time point. Abbreviations: ECOG: Eastern Cooperative Oncology

Group, BORR: Best Overall Response Rate, LDH: Lactate dehydrogenase, CRP: C-reactive

protein, CA 19-9: Carbohydrate antigen 19-9, CTX: chemotherapy, 5-FU: 5-Fluorouracil, Gem:

gemcitabine.
Variable TO KRAS + TO KRAS - p-value
(N=21) (N=11)

Gender
male 57.1% (N=12) 90.9% (N=10) 0.11
female 42.9% (N=9) 9.1% (N=1)

Age in years
Median 62 61 0.51
Range 45-80 48-69
25™; 75" %ile 5671 56 ; 64.5
> 60 years 57.1% (N=12) 54.5% (N=6)
> 70 years 28.6% (N=6) 0% (N=0)
> 75 years 4.8% (N=1) 0% (N=0)

ECOG pre CTX
0 71.4% (N=15) 81.8% (N=9) 0.52
1 14.3% (N=3) 9.1% (N=1)
2 or more 14.3% (N=3) 9.1% (N=1)

Lines of therapy
received 1 line 100% (N=21) 100% (N=11) 0.9
received 2 lines 42.9% (N=9) 36.4% (N=4)
received > 3 4.8% (N=1) 27.3% (N=3)
lines

1* line therapy
5-FU-based 71.4% (N=15) 81.8% (N=9) 0.68
Gem-based 28.6% (N=6) 18.2% (N=2)

2" line therapy
5-FU-based 22% (N=2/9) 25% (N=1/4)
Gem-based 78% (N=7/9) 75% (N=3/4)

1* line CTX 5-FU-based

BORR
PR 46.7% (N=7/15) 22.2% (N=2/9) 0.34
SD 40% (N=6/15) 44.4% (N=4/9)
PD 13.3% (N=2/15) 33.3% (N=3/9) 0.24
NC 0% (N=0/15) 0% (N=0/9)
n.a. 0% (N=0/15) 0% (N=0/9)

1* line CTX Gem-based

BORR
PR 0% (N=0/6) 100% (N=2/2)
SD 66.7% (N=4/6) 0% (N=0/2)
PD 33.3% (N=2/6) 0% (N=0/2)
NC 0% (N=0/6) 0% (N=0/2)
n.a. 0% (N=0/6) 0% (N=0/2)
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The prognostic value of the established biomarker CA 19-9 was compared to mutant KRAS levels
before therapy (TO0), to further assess the value of a liquid biopsy approach in clinical routine.
Patients with a pretreatment CA 19-9 level below 37 U/ml were excluded from the analysis, as a
discrimination of non-producers from low CA 19-9 levels is not possible based on the available
data. The remaining 16 patients were evaluated regarding a possible association between mutant
KRAS values in copies/ml plasma and CA 19-9 level in U/ml. This analysis revealed a positive
trend between elevated CA 19-9 values and mutant KRAS levels (Spearmen correlation coefficient:

> (.5), the strength of this relationships was however moderate (Mukaka, 2012) (figure 10).
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Figure 10. Correlation between elevated CA 19-9 and mutant KRAS positive levels (N=16).
CA 19-9 values above 37 U/ml and elevated mutant KRAS level were logarithmized and plotted
against each other on this graph. The Spearman correlation coefficient was: r=0.57 (p-value*:

0.0224).

To allow a comparison between elevated CA 19-9 and mutant KRAS levels, a cut-off value between
high and low levels of the respective parameter is required. Therefore, CA 19-9 levels, mutant
KRAS positive levels, as well as the MAF of KRAS were illustrated on a histogram, to visualize the
distribution of these values. A cut-off value of 3162 U/ml was used to distinguish high CA 19-9
levels from low levels because it lays in the middle between a peak in the high CA 19-9 level range
and a peak in the low CA 19-9 level range as the histogram illustrates (figure 11A). The median of
180 copies/ml plasma was chosen to distinguish between high and low mutant KRAS level (figure
11B). Furthermore, a cut-off value of 1.5% was set to separate high and low MAF values (figure

110).
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Figure 11. Distribution of CA 19-9, mutant KRAS and MAF.

Logarithmized CA 19-9 and mutant KRAS levels as well as MAF of mutant KRAS were plotted on
a histogram to visualize the distribution of the values. A: Elevated CA 19-9 levels were separated
in high and low levels using the cut-off 3162 U/ml (N=25). B: The median of 180 copies/ml is
suitable to separate Mutant KRAS positive counts in high and low levels (N=21). C: MAF (%)
were divided into high and low MAF using the cut-off 1.5% (N=21).

Next, Kaplan-Meier analysis was performed to analyze which one of the four parameters: CA 19-9,
mutant KRAS positivity, absolute mutant KRAS level in copies/ml plasma or mutant KRAS
calculated as MAF, would correlate best with the overall survival. Patients with CA 19-9 levels
below 3162 U/ml had a significantly higher median OS (18.2 months), compared to patients with
CA 19-9 levels above 3162 U/ml (7.5 months) (p-value*: 0.024, HR 0.36, CI 95% 0.15-0.9, log-
rank test) (figure 12A). The analogues comparison of mutant KRAS levels observed a 1.36 times
longer median OS when mutant KRAS was not detectable at baseline (median OS 9.3 months vs
12.6 months, p-value*: 0.037, HR 0.41, CI 95% 0.18-0.9, log-rank test) (figure 12B).

A distribution of mutant KRAS values using the cut-off 180 copies/ml plasma, resulted in no
significant difference in median OS (median OS 8.6 months vs 9.3 months, p-value: 0.11, HR 0.54,
CI 95% 0.23-1.3, log-rank test) (figure 12C). Patients with a MAF of less than 1.5% at baseline
showed a 1.5 times longer median OS compared to patients with a baseline MAF above that cut-off
(median OS 8.3 vs 12.6, p-value*: 0.027, HR 0.43, CI 95% 0.19-0.97, log-rank test) (figure 12D).
The calculation of mutant KRAS values as MAF showed the best correlation with the overall

survival from the three analyzed variations to describe mutant KRAS data at baseline. Overall, CA
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19-9 divided by the cut-off 3162 U/ml illustrated the best correlation with overall survival in this

scenario (figure 12).
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Figure 12. Predictive value of mutant KRAS and CA 19-9 on overall survival.
A: Patients with CA 19-9 > 3162 at baseline showed a significantly shorter median OS (7.5 vs 18.2
months, N=25, p-value*: 0.024, HR 0.54, CI 95% 0.23-1.3, log-rank test). B: Detectable mutant
KRAS at baseline was associated with a reduced median OS (12.6 vs 9.3, N=32, p-value*: 0.037,
HR 0.41, CI 95% 0.18-0.9, log-rank test). C: Median OS was longer for patients with low mutant
KRAS level (N=32, p-value: 0.11, HR 0.54, CI 95% 0.23-1.3, log-rank). D: A MAF below 1.5%
was associated with a longer median OS (12.6 vs 8.3 months, N=32, p-value*: 0.027, HR 0.43, CI

95% 0.19-0.97, log-rank test).

In addition, the above analyzed parameters were studied for their correlation with TTF. Patients
with a baseline CA 19-9 value below 3162 U/ml showed a 6.2 months longer median TTF,
compared to patients with higher CA 19-9 level (10.2 months vs 4 months, p-value*: 0.018, HR

0.43, CI 95% 0.19-0.99, log-rank test) (N=25) (figure 13A).
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The TTF of patients without measurable mutant KRAS at baseline was 1.43 times longer than for
mutant KRAS positive patients (TTF 6.3 months vs 4.4 months, p-value: 0.61, HR 0.83, CI 95%
0.39-0.73, log-rank test) (figure 13B).

Patients with a mutant KRAS level below 180 copies/ml plasma showed a slightly prolonged TTF
of 6.4 months, compared to 4.4 months for patients with mutant KRAS values below this cut-off (p-
value: 0.64, HR 0.84, CI 95% 0.39-1.81, log-rank test) (figure 13C).

The analysis of MAF at baseline revealed that initially those patients with an MAF > 1.5%
presented a longer TTF and shortly after 50% of patient experienced treatment failure, the event
ratio reversed and now patients with an MAF < 1.5% took more time until failure of the 1 line
treatment. The log-rank test for these curves indicated that the difference between the two groups
was statistically not significant (p-value: 0.31) (figure 13D).

Overall, CA 19-9 was the only one from the four parameters that correlated significantly with the

TTF.
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Figure 13. Kaplan-Meier analysis of mutant KRAS and CA 19-9 at baseline in correlation to
TTF.

A: Patients with a CA 19-9 > 3162 at baseline showed a significantly shorter median TTF (10.2 vs
4 months, N=25, p-value*: 0.018, HR 0.43, CI 95% 0.19-0.99, log-rank test). B: Detectability of
mutant KRAS at baseline was not associated with a difference in TTF (6.3 vs 4.4, N=32, p-value:
0.61, log-rank test). C: Patients with high mutant KRAS level did not show a difference in TTF,
compared to patients with low mutant KRAS level (N=32, p-value: 0.64, log-rank test). D: MAF
below or above the cut-off 1.5% was not associated with a significant difference in TTF (4 vs 4.7

months, N=32, p-value: 0.31, log-rank test).

4.42  Correlation of mutant KRAS status with the best-overall-response-rate

In the following, it was analyzed if the presence of mutant KRAS at baseline correlates with the
best-overall-response-rate (BORR). Specifically, a Chi-square test was performed, which compared
patients with partial response to patients with stable disease or progressive disease as BORR
regarding their baseline mutant KRAS status.

This analysis could not detect a correlation between mutant KRAS status and BORR (p-value:

0.864, chi-square) (figure 14, table 15).
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Table 15. Fourfold table of the chi-square test comparing response rate and detectability of
mutant KRAS.

The best overall-response-rate (BORR) was divided into two categories: once patients that reached
a partial regression (PR) and secondly the patients that either reached a stable disease (SD) or
progressive disease (PD.) These categories were further subdivided regarding their mutant KRAS
status at baseline to form a fourfold table for the chi-square analysis. The distribution of BORR of
patients with and without detectable mutant KRAS at baseline did not show a different treatment

response depending on the detectability of mutant KRAS at baseline.

No. of mutant KRAS positive No. of mutant KRAS negative
BORR . .
patients patients
PR 7 4
SD 10 4
PD 4 3
15; . mut KRAS
positive
® . mut. KRAS
...5 104 negative
©
[oF
S
o 51
pd
o d
BORR PR BORR SD/PD

Figure 14. Bar chart illustrating mutant KRAS at baseline and the corresponding best-
overall-response rate of the patient.

Patients were divided in two groups depending on their treatment response. One group contained
patients that showed a partial response (PR) and those patients with stable disease (SD) or
progressive disease (PD). From this, a chi-square analysis was performed that did not support a

correlation between BORR and mutant KRAS status (p-value: 0.864, N=32, chi-square test).

4.43  Analysis of mutant KRAS detection and CT-imaging in individual patients

One aspect of this work was, to evaluate the ability of the cfDNA mutant KRAS level to monitor
the clinical course of the patients in our cohort. Therefore, mutant KRAS levels of longitudinal

liquid biopsy samples from patients with at least three follow-up time points were plotted as a
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function of time together with the corresponding CA 19-9 values. The criteria for this analysis were
met by eight patients of which two were excluded as they were still alive and have not experienced
disease progression until the end of study. CT-based imaging results were used as benchmark for
the clinical course of the tumor burden. All mutations detectable in the tumor tissue of the
respective patient are listed above each graph. In all of the six patients the mutant KRAS level was
detectable before start of 1* line therapy (range: 100-1750 copies/ml) and the mutant KRAS level
dropped down after chemotherapy started (range: 0-500 copies/ml). From these examples, patient
11 (A), 13 (B) and 5 (C) showed a rise in mutant KRAS level before a CT morphologic progress
was detected. In the case of patient 11 and 13, the rise in mutant KRAS was accompanied by
increasing CA 19-9 values. The CA 19-9 level of patient 5 also increased, but the respective blood
sample was drawn after the CT scan was made (C). Mutant KRAS levels of patient 64 (D) and 2 (E)
also correlated with the radiological tumor progress, however not prior to the CT results. Out of the
six cases analyzed, patient 68 (F) is the only case in which the dynamic in KRAS level did not
correlate with the tumor behavior. In fact, mutant KRAS dropped despite of a CT morphologic
tumor progress (F). Overall, in five of the six patients, mutant KRAS detection correlated with the
disease monitoring by CT and CA 19-9. In three of these patients, the mutant KRAS analysis
detected disease progress earlier than the CT. Mutant KRAS analysis failed to detect disease

progression in one of the six examples (figurel5).
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Figure 15. Dynamic behavior of mutant KRAS and CA 19-9 level in relation to CT-based

response evaluation criteria in solid tumors (RECIST) under treatment.

The heading of each graph names the code for the individual patient along with the mutations

detected within the respective tumor. KRAS™ and CA 19-9 levels were logarithmized and

plotted as a function of time to visualize their dynamics during treatment. All values were added

with 10 to allow values of zero in the logarithmized representation. The start of chemotherapy

(CTX) cycle is marked in every graph. In the case of patient 13 (B), the start of therapy was 7

days before the first biomarker level was assessed. Dotted lines mark the CT- staging time points

and are labeled with the corresponding staging results: partial regression (PR), stable disease

(SD), progressive disease (PD), according to the RECIST criteria.
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4.4.4  Prognostic value of changes in KRAS status during therapy

As next step, [ explored if changes in mutant KRAS detectability after initiation of therapy are
associated with a certain prognosis. I divided patients with blood samples available from the time
point before and after start of 1% line, in three groups (N=18). Group one contains patients who
showed measurable mutant KRAS before initiating 1* line therapy and dropped down to no
measurable mutant KRAS at the 1% time point after start of therapy. These seven patients were
classified as therapy responders. The 2™ group describes patients who presented measurable mutant
KRAS before and at the 1* time point after the start of 1* line therapy. These patients were called
non-responders referring to the persistently measurable mutant KRAS after start of chemotherapy.
Furthermore, in five patients mutant KRAS was neither measurable before initiating therapy nor at
the 1* time point after initiating therapy. They define group three and classify patients with low
tumor activity. Only follow-up time points within 50 days from therapy start were considered (table

16).

Table 16. Overall survival and treatment response depending on the changes of mutant KRAS
level after start of palliative treatment.

Three groups were formed depending on the mutant KRAS behavior before and after treatment
onset. Group one marked the therapy responders, group two the non-responders and group three
described the patients with low tumor activity. Median OS and TTF were calculated by Kaplan-

Meier analysis.

Group 1 Group 2 Group 3
Change of mutant KRAS TO pos./T1 neg. TO pos./T1pos. To neg./T1 neg.
No. of patients 7 6 5
Median OS (months) 16.8 12.3 27.2
Median TTF 1* line (months) 8.6 5.9 10.2

In the following, a Kaplan-Meier analysis was performed on OS and TTF data of responders and
non-responders. A median OS of 16.8 months and a median TTF of 8.6 months was observed for

the responders, whereas the non-responders had a shorter OS and TTF of 12.3 and 5.9, respectively

65



Results

(OS: p-value: 0.29, HR 0.55, CI 95% 0.16-1.83, log-rank test), (TTF: p-value: 0.6, HR 0.76, CI

95% 0.24-2.38, log-rank test), (figure 16).
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Figure 16. Kaplan-Meier graphs comparing survival and treatment response of responders

and non-responders.
A: Treatment responders showed a 4.5 months longer median OS than non-responders (16.8 vs
12.3 months), (p-value: 0.29, log-rank test), (N=13). B: Treatment responders showed a 2.7

months longer median TTF than non-responders (8.6 months vs 5.9 months), (p-value: 0.6, log-

rank test), (N=13).

In addition to that, follow-up data of group three and group two were analyzed and compared with
the previously presented analysis of the mutant KRAS status at baseline to investigate if continuous
mutant KRAS detection after treatment onset is more informative than the baseline mutant KRAS
detection alone (figure 17). Patients with low tumor activity (group three) showed a significantly
longer OS (27.2 months), compared with the non-responders (group two) (12.3 months) (p-value*:
0.016, HR 0.19, CI 95% 0.04-0.82). The hazard ratio of the analysis including the follow-up time
point is lower compared to the hazard ratio of the baseline KRAS™" analysis (0.19 vs 0.41).
Therefore, in this analysis the difference in survival rates increases when both time points are
included into the analysis.

This finding does not apply to the TTF. Even though, Kaplan-Meier curves separate better when
considering both pre and post therapy mutant KRAS status, the curves cross at about 15 months

follow-up. Accordingly, no significant difference can be assessed neither for this comparison (p-
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value: 0.46, log-rank test) nor for the analysis of the baseline status alone (p-value: 0.61, log-rank

test), (figure 17B).
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Figure 17. Survival analysis of patients with two-time point KRAS analysis compared to

No. atrisk

baseline KRAS analysis alone.
A: Median OS of the responders is 2.2 times longer than the OS of the non-responders (p-value*:

0.016, HR 0.19 CI 95% 0.04-0.82, log-rank test), (N=11). B: Patients without measurable mutant
KRAS at baseline show a 1.4 times longer OS than patients with measurable mutant KRAS at
baseline (p-value*: 0.037, HR 0.41, CI 95% 0.18-0.9, log-rank test), (N=32). C: Median TTF of
the responders is 1.7 times longer than the TTF of the non-responders (p-value: 0.46, log-rank test),
(N=11). D: Patients without measurable mutant KRAS at baseline show a 1.4 times longer TTF
than patients with measurable mutant KRAS at baseline (p-value: 0.61, log-rank test), (N=32).

4.5  Estimation of the tissue-blood concordance

In the following, the correspondence between the detectability of mutant KRAS in the plasma and
the mutational status of the primary tumor sample was analyzed. In 18 cases from the overall 32
patients, next-generation sequencing analysis was performed from tissue material. From these 18

cases, 17 patients had a detectable KRAS mutation in the tissue. To investigate how far these results
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correspond with the mutational status of the plasma analysis, the tissue-blood concordance was
calculated. Because only seven KRAS mutations are detectable by ddPCR (G12A, G12C, G12D,
G112V, GI2R, G128, G13D), other KRAS mutations were excluded from the calculation of the
tissue-blood concordance. Consequently, the tissue-blood concordance was calculated with 16 of
the 17 KRAS mutations detected by NGS, whereas one KRAS mutation, a Q61H mutation, was only
detectable by NGS. It was possible to detect mutant KRAS molecules in the blood of 11 patients out
of these 16 patients. This results in a tissue-blood concordance of 68.8%. On the other hand, all of
the KRAS mutants detected by ddPCR analysis were confirmed in the tissue sample (table 17).

To investigate whether the presence of liver metastases would influence the tissue-blood
concordance, the same calculations were made when only those patients with liver metastases were
considered (N=14). In this case all of the 14 patients received a tissue based NGS analysis which
detected mutant KRAS in 100% of cases. In one of these 14 patients the above mentioned Q61H
mutation was detected by NGS, which is why this patient was again excluded from the calculation
of the tissue-blood concordance. In 10 of 13 cases mutant KRAS was also detectable in plasma,

resulting in a tissue-blood concordance of 76.9% (table 18).

Table 17. Comparison between ddPCR and NGS results regarding mutant KRAS detection in
plasma and primary tissue.

All of the KRAS mutations detected by ddPCR in plasma were detectable in the primary tissue. Out
of 16 patients with detectable mutant KRAS in the primary tumor, 11 also presented detectable

mutant KRAS in plasma.
Time point T0 (N=32)

NGS performed 56.3% (N=18/32)
ddPCR KRAS positive 65.6% (N=21/32)
Tissue-blood concordance 68.8% (N=11/16)
NGS KRAS positive 94.4% (N=17/18)
NGS KRAS negative 5.6% (N=1/18)
NGS KRAS positive and ddPCR negative 27.8% (N=5/18)
ddPCR KRAS positive and NGS negative 0% (N=0/18)

68



Results

Table 18. Comparison between ddPCR and NGS mutant KRAS detection in patients
presenting liver metastases.

A KRAS mutation was detectable in the tumor tissue of all patients harboring liver metastases. In

10 patients the KRAS mutation status was confirmed by ctDNA analysis.

Time point T0 with liver metastases (N=14)

NGS performed 100% (N=14/14)
ddPCR KRAS positive 71.4% (N=10/14)
Tissue-blood concordance 76.9% (N=10/13)
NGS KRAS positive 100% (N=14/14)
NGS KRAS negative 0% (N=0/14)

NGS KRAS positive and ddPCR negative 28.6% (N=4/14)
ddPCR KRAS positive and NGS negative 0% (N=0/14)

In addition to the KRAS analysis, the NGS assay provided an overview of the mutation status of
other genes. Most frequently mutated was besides KRAS, the TP53 gene in 55.6% of patients
(N=10/18), followed by SMAD4 which was mutated in 22.2% (N=4/18). In three patients a
Tuberous Sclerosis 1 (7SC/) mutation was found (16.7%, N=3/18). Moreover, two tumor tissues
contained BRCA2 mutations (11.1%, N=2/18), another two samples a mutation of ATM (11.1%,

N=2/18) and jet another two a mutation of GNAS (11.1%, N=2/18) (figure 18).
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Figure 18. Oncomap presenting NGS results of the tumor tissue and the corresponding
mutant KRAS level detected by ddPCR in plasma.

At the top, the logarithmized mutant KRAS level detected by ddPCR analysis of the blood are
presented as bar graph. The bottom displays the respective results of the NGS gene panel for each
patient. Most frequently mutated were: KRAS (94.4%), TP53 (55.6%), SMAD4 (22.2%), TSC1
(16.7%), BRCA2 (11.1%), ATM (11.1%), GNAS (11.1%). Detected KRAS mutations were divided
into: G12D (61%), G12V (27.8%), Q61H (0.056%).

(This figure was made by Sven-Thorsten Liffers)

Furthermore, it was analyzed whether a mismatch in NGS and ddPCR mutation status would be
reflected by a prognostic difference. The underlying idea was that the absence of ctDNA in blood,
despite a confirmed KRAS mutation in tumor tissue, could be attributed to a less aggressive
metastatic behavior of the tumor, spreading less tumor cells into the circulation.

In this matter, the OS of patients with detectable mutant KRAS in both the tumor tissue and in the
plasma was compared to patients with just detectable mutant KRAS in the tissue. However, only

five patients fitted to the last-named criteria and four of them were censored. This insufficient
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number of patients in this category precluded a statistical comparison between the two groups but

might inspire similar investigations in other studies (figure 19).
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Figure 19. Kaplan-Meier curves comparing OS and TTF of patients with detectable mutant
KRAS in both tissue and plasma to patients with a KRAS mutation only detectable in tumor
tissue.

A: A comparison between patients with detectable mutant KRAS in plasma and tissue to those
where KRAS was only detectable in the tissue was not possible (p-value: 0.17, log-rank test),
(N=17). B: Patients with detectable mutant KRAS in both tissue and blood showed a longer TTF

than patients who showed detectable mutant KRAS only in the tumor tissue (p-value: 0.41, log-rank

test), (N=17).

Finally, the number of mutations in genes other than KRAS was compared to the respective mutant
KRAS level in blood. If an increasing number of mutated genes in the tumor would influence the
detectability of mutant KRAS in peripheral blood, this would decrease the ability to monitor cancer
activity by mutant KRAS detection in blood. The NGS panel used presented a broad coverage of 47
genes. This analysis showed no significant correlation between the number of other mutations in

the tissue and the mutant KRAS level in blood (p-value: 0.875) (Figure 20).
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Figure 20. Impact of the mutational heterogeneity of the tumor on the mutant KRAS level in
blood.

The number of mutations detected in the primary tumor by NGS analysis was correlated with the
mutant KRAS level in blood. No correlation could be observed and the Spearman correlation

coefficient r was -0.04 (p-value: 0.875).
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5 DISCUSSION

Liquid biopsy has recently gained enormous attention in medical science and is increasingly used
for biomarker characterization and clinical decision-making in various tumor entities. Especially in
pancreatic cancer, where pathological and molecular diagnosis is challenging and clinical
deterioration is often rapid, a simplified and robust access to molecular information of the tumor
could improve treatment initiation and identification of targeted treatment options of PDAC
patients. Consequently, this study aimed to explore liquid biopsy approaches in pancreatic cancer
management. Therefore, the focus of this theses was a) establishment of a DNA isolation protocol
for the ddPCR approach; b) explorative cfDNA analysis of pre/post treatment patient cohort; c)
comparison of established means (imaging, clinical chemistry) for treatment response evaluation to
ctDNA analysis regarding prognostic and predictive parameters; d) evaluation of the

correspondence between mutation detection in tumor tissue and liquid biopsy samples.

5.1  Establishment of a DNA isolation protocol for the ddPCR

Optimal DNA isolation is a prerequisite for a successful ctDNA analysis. CfDNA fragments
measure less than 200 bp if they derive from cancer cells, whereas germline-derived cfDNA occurs
in longer fragments (Mouliere et al., 2018; Mouliere et al., 2011). Consequently, the isolation of a
high proportion of small-fragmented DNA is desired to increase the amount of tumor-derived DNA
for ddPCR analysis.

Therefore, three different DNA isolation kits, the Maxwell, the Qiagen and Zymo kit, were
compared. The Qiagen and Zymo kits represent spin-column-based methods, whereas the Maxwell
kit isolates cfDNA using magnetic beads in an automated process. The largest DNA yield of 20.6
ng/ml plasma was isolated by the Qiagen kit. This observation was confirmed by several studies, in
which the Qiagen kit isolated the highest DNA yields and is consequentially frequently used in

studies on ddPCR (Pérez-Barrios et al., 2016; Sorber et al., 2017).
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Further analysis of the DNA fragment size isolated revealed that two kits (Zymo and Qiagen)
isolated high-integrity DNA with 600 bp and smaller DNA fragments of 150-210 bp. The Maxwell
kit was the only method to isolate exclusively small DNA fragments of 150-210 bp. Even though
some studies have found that the Maxwell kit also isolates DNA fragments more than 200 bp, the
bias of magnetic beads-based methods to isolate higher fractions of low-integrity DNA has been
described previously (Bronkhorst et al., 2020; Pérez-Barrios et al., 2016; Sorber et al., 2017).

The comparability in evaluation of cfDNA isolation might be confounded due to differences in the
study populations. The samples in this study originated from advanced stage lung cancer, whereas
the study from Sorber et al. analyzed samples of malignant and benign pancreatic disease and
Pérez-Barrios et al. investigated samples from colorectal and lung cancer patients (Pérez-Barrios et
al., 2016; Sorber et al., 2017). Additionally, the sample number in this study was lower compared
to other studies, which could account for differences in between the studies.

The Maxwell kit was chosen for this liquid biopsy approach because it was the only kit to
exclusively isolate small-fragmented DNA. Another advantage of this kit is the fully automated
process including its ability to self-sterilize after each sample prep. That enables practical
feasibility of liquid biopsy especially when this method is applied for therapy monitoring,
necessitating multiple sample testing in a short period. It further improves comparability in
between studies because user-dependent differences are minimized, thus scientific process on

liquid biopsy approaches would be facilitated.

5.2 The outcome of 5-FU- and gemcitabine-based therapy shows no difference in a real-world

setting

Previous studies have proven the superiority of intensified protocols such as FOLFIRINOX and
gemcitabine nab-paclitaxel towards a monotherapy with gemcitabine for palliative treatment of
pancreatic cancer (Conroy et al., 2011; Von Hoff et al., 2013). However, it remains inconclusive
whether patients are more likely to benefit from FOLFIRINOX or gemcitabine nab-paclitaxel (Cho

et al., 2020).
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Survival and treatment response analysis of a recent meta-analysis by Chiorean et al. reported
median OS rates of 8.6-13.8 months for FOLFIRINOX and 6.1-14 months for gemcitabine nab-
paclitaxel and a median TTF of 2.8-4.3 months for FOLFIRINOX compared to 3.4-4.3 months for
gemcitabine nab-paclitaxel (Chiorean et al., 2019). Furthermore, longer survival was observed with
FOLFIRINOX treatment in the majority of studies, but this difference was in most cases not
significant (Chiorean et al., 2019). The survival observed in this study was within the lower range
of these observations (OS 5-FU: 9.6 months, Gem-nab.: 6.4 months), whereas the median TTF
ranged above previously reported data (TTF 5-FU: 5 months, Gem-nab.: 4.86 months) (Chiorean et
al., 2019).

The fact that the survival rates of our study are in the lower range of literature reports, can be
explained by multiple reasons. First of all, within this study no preselection of patients concerning
performance status was performed to reflect a real-world treatment setting. Unlike large
prospective studies that typically exclude patients with an ECOG status above 1 (Conroy et al.,
2018; Von Hoff et al., 2013), 14.3% of the patients in this study had an ECOG status higher than
one.

Moreover, only 75% of the administered gemcitabine-based treatments consisted of intensified
protocols with gemcitabine-nab-paclitaxel and 90% of the 5-FU-based treatments represented
intensified protocols with FOLFIRINOX. In the remaining 25% of gemcitabine-based treatments
and 10% of 5-FU-based treatments, gemcitabine mono therapy or FOLFOX was administered,
respectively. This could explain lower survival rates compared to studies in which 100% of patients
received intensified protocols (Cho et al., 2020; Kang et al., 2018). Furthermore, this study
observed a slightly increased median survival in favor of 5-FU-based protocols which was, in
agreement with the meta-analysis from Chiorean et al., not significant (median OS 5-FU-based: 9.6
months vs OS gemcitabine-based: 6.4 months) (figure 8A) (Chiorean et al., 2019).

Another influence on the treatment outcome might be the increased age of the patients that received
gemcitabine-based treatment, compared to patients with 5-FU-based 1% line (55 years vs 65.6
years, p-value*: 0.007, log-rank test). This difference has also been reported by previous studies

that described a tendency to administer gemcitabine-based therapy to older patients with worse
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ECOG status (Chiorean et al., 2019; Cho et al., 2020). A reason for this could be that adverse
events are known to occur more frequently with 5-FU-based therapy regimen, including febrile
neutropenia, diarrhea and nausea and are therefore administered to patients in reduced condition
reluctantly (Chiorean et al., 2019; Conroy et al., 2011; Conroy et al., 2018; Pusceddu et al., 2019).

Concluding from that, 5-FU- and gemcitabine-based protocols were compared in a real-world
setting with no clear tendency favoring one regimen based upon response and survival (Chiorean et

al., 2019; S. Kim et al., 2018).

5.3 Comparison of mutant KRAS detection rates with literature

In this work, a KRAS mutation was detectable in 65.6% of patient samples with a median MAF of
6.15%, which was within the range of previous studies where mutant KR4S was detected in 38.2-
77.9% of cases with a median MAF ranging from 2.8 to 94% (Bernard et al., 2019; Creemers et al.,
2017; Hadano et al., 2016; M. K. Kim et al., 2018; Mohan et al., 2019; Strijker et al., 2020;
Sugimori et al., 2020; Toledano-Fonseca et al., 2020).

Notably, DNA concentrations documented in other studies ranged from 33 to 427 ng/ml plasma,
which is higher than the median DNA concentration of 15.5 ng/ml plasma in this study (S. Kim et
al., 2018; Strijker et al., 2020; Toledano-Fonseca et al., 2020). These studies used the Qiagen Kkit,
which isolates higher overall DNA yield as shown in the result section (table 4), perhaps explaining
the difference in DNA concentrations.

Mutant KRAS detection rates and MAF observed in this work were comparable with other studies
despite the lower total cfDNA yield per sample, thus rendering the Maxwell kit is suitable for

cfDNA isolation.

5.4  Mutant KRAS has the potential to improve prognostic patient stratification

The comparison between the prognostic value of CA 19-9 and mutant KRAS status showed a
significant correlation with reduced OS for both biomarkers (CA 19-9 p-value*: 0.024, mutant
KRAS p-value*: 0.037, log-rank test), whereas only elevated CA 19-9 correlated significantly with

reduced median TTF (CA 19-9 p-value*: 0.018, mutant KRAS p-value: 0.604, log-rank test).
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A comparison between these two biomarkers has been frequently discussed in literature and the
data on this topic show no trend which favors one marker over the other. Some studies also found a
significant association between CA 19-9 and worse OS and PFS, supporting the findings of this
study (Bernard et al., 2019; Toledano-Fonseca et al., 2020). Other studies found no correlation
between CA 19-9 level and survival in contrast to their ctDNA analysis, concluding superiority of
mutant KRAS detection as biomarker (Strijker et al., 2020; Watanabe et al., 2019).

The fact that 6% of Caucasian people and 22% of the African American population are not able to
produce CA 19-9 at all highly restricts the usability of CA 19-9 as a biomarker (Tempero et al.,
1987). Further, in patients with obstructive jaundice, which frequently occurs within the primary
diagnosis of pancreatic cancer, CA 19-9 level showed no correlation with progressive disease
(Bernard et al., 2019).

The simple subdivision of CA 19-9 using the upper limit of normal (37 U/ml) has neither in this
analysis nor in many other studies a prognostic or predictive information.

Various cut-off values for CA 19-9 have been determined between studies, with which a significant
prognostic stratification could be observed. However, no cut-off value for CA 19-9 was described
that could prove a reproducible prognostic value in independent studies (Ballehaninna &
Chamberlain, 2012; Watanabe et al., 2019).

In this matter, mutant KRAS detection presents an advantage. The simple distribution between
detectable and undetectable mutant KRAS in many independent studies held prognostic significance
(S. Kim et al., 2018; Pietrasz et al., 2017; Strijker et al., 2020; Watanabe et al., 2019). In contrast to
this analysis, other studies were able to show a significant association of mutant KRAS detectability
and median PFS as well (Bernard et al., 2019; Toledano-Fonseca et al., 2020). However, this
exploratory retrospective study was not powered to address this question.

This work supports the hypothesis that the detectability of mutant KRAS itself correlates with the
prognosis and has therefore potential to aid prognostic stratification of PDAC patients. These
observations should encourage for further evaluation of liquid biopsy in prospective well-powered

clinical trials.
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5.5 MATF improves the prognostic value of mutant KRAS detection

As previously reported, the mutant allele fraction (MAF) has been reported to have a better
prognostic value than the KRAS status in plasma alone (Bernard et al., 2019; Sugimori et al., 2020;
Toledano-Fonseca et al., 2020). This work investigated whether these findings also apply to this
liquid biopsy approach and found that reduced overall survival could be observed when the
baseline MAF exceeded 1.5% (figure 12D). As compared to the baseline mutant KRAS assessment
alone or to the subdivision of mutant KRAS in high and low copy-numbers, there was a greater
difference in survival. Therefore, these data support the observation of previous studies on the
prognostic value of the MAF. Notably, similar to the previous mentioned problem with a cut-off
for CA 19-9, there is currently no consensus on the ideal cut-off for the MAF, hence further

research on this topic is needed to investigate this biomarker.

5.6  Treatment monitoring by mutant KRAS is feasible

An adequate therapeutic monitoring and early detection of progression are crucial not only for
individual treatment decision, but also for the evaluation of new treatment regimens in clinical
trials. However, the established methods for treatment monitoring, which are CA 19-9
measurement and CT-imaging, have known pitfalls in measuring treatment response.

Apart from the previous mentioned limitations of CA 19-9, there are also issues concerning CT
imaging for response monitoring. The measurement of tumor borders in CT images is challenging
especially for primary pancreatic cancer because this tumor is morphologically difficult to
differentiate from surrounding tissue due to its high stromal content (Tjensvoll et al., 2016). As a
consequence, CT analysis is often imprecise in reflecting therapeutic efficacy, hence liquid biopsy
could improve diagnostics when CT findings remain inconclusive (Strijker et al., 2020).

Previous studies support the hypothesis that ctDNA analysis does indeed enable early detection of
tumor progress (Sugimori et al., 2020; Toledano-Fonseca et al., 2020; Watanabe et al., 2019). As

an example, a study by Sausen et al. found that ctDNA increase following resection detected
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recurrence after an average of 3.1 months, whereas CT-imaging took an average of 9.6 months to
detect disease progression (Sausen et al., 2015).

In the context of this work, the explorative analysis of six patients with longitudinal sampling time
points observed detectable mutant KRAS in plasma of all patients before treatment onset. Shortly
after 1% line treatment was administered, mutant KRAS levels decreased below the limit of
detection, indicating a treatment response. In half of the examples (patient 11, patient 13, patient 5)
mutant KRAS levels were elevated 8-50 days before progressive disease was radiologically
confirmed. Interestingly, in these three patients the CT image documented a partial regression or
stable disease during the same time period as mutant KRAS level increased. Additionally, another
two patients showed a rise of mutant KRAS values simultaneously (patient 64) and shortly after
(patient 2) radiological confirmation of disease progression.

One patient (patient 68) presented decreasing mutant KRAS level at a time point where rising CA
19-9 level and CT-imaging both indicated a progression. A possible explanation for this
observation would be that a mutation other than KRAS played a leading role in the progression of
this tumor, which remains to be analyzed.

The interpretation of these results is limited by the retrospective character of the analysis, the small
patient sample size and variable sampling intervals. It remains uncertain if the CT would have
already detected tumor growth at the time point of elevating mutant KRAS level. Further, in cases
where the rise of mutant KRAS level was detected simultaneously or subsequent to CT imaging, it
is not clear whether more frequent sampling would have detected a rise of mutant KRAS values
earlier.

In general, this analysis suggests that treatment monitoring by mutant KRAS detection is feasible
but further prospective studies with a larger cohort, standardized and frequent sampling time points

are essential to draw significant conclusions.
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5.7  The therapy-naive sampling time point shows better prognostic value than the follow-up

assessment

Within this study, the baseline KRAS status was compared to the KRAS status up to 50 days after
start of therapy, to examine which one predicted the prognosis better.

When comparing the relevance of a baseline ctDNA assessment to the follow-up analysis, several
studies had inconclusive results. Some reported an even stronger prognostic value of measurable
mutant KRAS at follow-up time points, compared to the baseline value (Del Re et al., 2017;
Tjensvoll et al., 2016; Watanabe et al., 2019). Others reported a stronger value of the therapy-naive
sampling time point, which was significantly associated with OS and PFS (Hadano et al., 2016;
Toledano-Fonseca et al., 2020).

Our work suggests that the individual analysis of mutant KRAS after start of therapy is less
expressive, compared to the therapy-naive mutant KRAS status and correlates neither with OS nor
TTF significantly. Nevertheless, absence of mutant KRAS before and after start of therapy
presented a slightly better correlation with increased OS than the baseline mutant KRAS status
alone. However, again a major limitation is the low sample size, thus, these observations are

exploratory and necessitate well-controlled clinical trials for further assessment.

5.8  Liquid Biopsy has the potential to determine mutant KRAS status in metastatic patients

The current gold standard to identify the mutation pattern of the individual tumor is the tissue
analysis, nowadays typically by next-generation sequencing (NGS).

Not seldomly, low tumor cellularity limits reliable mutation calling from the tumor tissue (Buscail
et al., 2019). Especially in pancreatic cancer, in which a high stromal content and low tumor
cellularity is highly frequent, this remains an important disadvantage of a tissue biopsy-based
approach (Buscalil et al., 2019; Chang et al., 1997). For metastatic disease, where tumor resection is
not indicated, the risks of an invasive biopsy for molecular analysis should be considered with care.
In those cases where initial biopsy did not provide sufficient material for molecular analysis, a

liquid biopsy could prevent the risks that a frequent repetition of invasive biopsy bears.
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Therefore, this work aimed to explore the reliability with which the mutation status of KRAS was
reflected by liquid biopsy analysis. For this purpose, matching tissue samples were analyzed using
NGS and the concordance between both procedures was calculated as tissue-blood concordance.
The tissue-blood concordance in this study was 68.8%, which means that in this percent of cases, a
KRAS mutation detected by NGS analysis in the tissue sample (gold standard) was also detectable
in the respective ctDNA sample at baseline. This result lays within the data range of other studies
that detected a tissue-blood concordance of 51-90% (Bernard et al., 2019; M. K. Kim et al., 2018;
Sugimori et al., 2020; Toledano-Fonseca et al., 2020; Watanabe et al., 2019).

A major difficulty of the cfDNA analysis lays within the extremely low DNA yield, which could
explain the discrepancy between mutational status in the tissue and the liquid biopsy (Mohan et al.,
2019; Mouliere et al., 2018).

Further, a positive correlation between cfDNA yield, tumor stage and tumor mass has been
described previously (Dawson et al., 2013; Schwarzenbach et al., 2012). This would explain why a
study from Garcia et al. documented higher tissue-blood concordance among patients with
metastatic colorectal cancer, compared to those with localized disease (Garcia et al., 2018).
Accordingly, our work reported higher ctDNA detection rates and a higher tissue-blood
concordance when only patients with liver metastases were considered.

In summary, the detection of mutant KRAS is consistent with the tissue KRAS status in the majority
of cases and the concordance increases with tumor stage, presence of metastases and higher tumor
load. This underpins that especially for metastatic PDAC, where tissue biopsy is typically not
performed from tumor resection, liquid biopsy has the potential to determine the mutation status of
KRAS and, in the future, likely of other cancer genes alterations such as BRCA1/2, microsatellite

instability or tumor mutational burden and thus could add to the diagnostic workup.
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6 SUMMARY

This work aimed to contribute to the evaluation of a liquid biopsy approach in pancreatic cancer
management and explored this method for prognostic patient stratification as well as treatment
monitoring and tumor response evaluation. For this purpose, a suitable cell-free DNA (cfDNA)
isolation method was identified and then digital droplet Polymerase chain reaction (ddPCR) mutant
Kirsten Rat Sarcoma Gene (KRAS) detection was performed on advanced pancreatic ductal
adenocarcinoma (PDAC) patient samples before and during chemotherapeutic treatment.

In contrast to two other DNA isolation kits, the Maxwell cfDNA isolation kit was found to be most
suitable for circulating tumor DNA (ctDNA) isolation because it isolates exclusively small-
fragmented DNA. Using this DNA isolation method, liquid biopsy assessment was feasible and in
the majority of patients the KRAS mutations detectable in tumor tissue could also be confirmed in
the plasma.

Moreover, without a cut-off value needed, the absence of mutant KRAS in plasma was associated
with a better overall survival and this relation increased when mutant KRAS remained untraceable
after treatment onset.

Finally, the explorative analysis of treatment monitoring by liquid biopsy was promising and in the
majority of cases, albeit at limited case numbers, the KRAS dynamics mirrored the clinical course
of the disease and detected tumor progress simultaneously or even earlier than the computed
tomography (CT).

These findings emphasize the enormous potential of ctDNA mutant KRAS detection as a non-
invasive tool for prognostic stratification and therapy monitoring in PDAC and should inspire and

assist the design of further studies on this topic.
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